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ABSTRACT 

 

Sewage sludge ash (SSA) is generated from incinerating dewatered sewage sludge. 

As most SSA still need to be disposed of at landfills, the management of SSA 

becomes an environmental issue. Many places including Hong Kong face growing 

pressure in waste management due to limited landfilling capacity around cities and 

strong objections to their operation by the public. Dumping wastes in landfills is not 

a sustainable means of managing wastes. To relieve the burden on landfills, it is 

highly desirable to increase the recycling of wastes. One major approach is the use 

of wastes in construction products. The huge consumption of construction materials 

can effectively reduce some wastes by this means. The focus of the PhD study was 

on the recycling of SSA as construction materials. The study consists of three parts. 

First, use of SSA as partial cement replacements for making cement mortars. Second, 

use of SSA as partial cement replacements for making concrete blocks. Last, 

blending SSA with ground granulated blast-furnace slag (GGBS) to produce 

geopolymers. 

 

For producing cement mortars the effects of the SSA on the compressive and flexural 

strength of the cement mortars were studied. These effects were compared with those 

of pulverized fly ash (PFA) and fine sewage sludge ash (FSSA) which was prepared 

by grinding the SSA in a ball mill for 3 hours. Methods for characterization the 
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properties included Frattini pozzolanic activity, compressive strength, flexural 

strength, drying shrinkage, Isothermal Conduction Calorimetry, mercury intrusion 

porosimetry, XRD, SEM and EDX tests. The results showed that the SSA and FSSA 

exhibited lower pozzolanic activities compared with PFA, but the cement mortars 

prepared with up to 20% SSA or FSSA yielded strength values comparable to those 

of the PFA cement mortars. The SSA and FSSA contributed to the strength through 

(i) acceleration of the rate of cement hydration at early stages while PFA did not 

produce this effect, (ii) the preservation of cumulative pore volume of the paste with 

low SSA or FSSA content up to 10%, and (iii) the formation of brushite, a kind of 

binding phase, in SSA or FSSA cement pastes at late ages. Unfortunately, SSA caused 

higher drying shrinkage in mortars due to increasing content of mesopores with sizes 

less than 0.025 m. This undesirable effect was greater with the FSSA. Findings of 

the study filled the gap in knowledge about strength development in mortars 

containing a small amount of SSA despite its low pozzolanic activity. 

 

Given the difficulty in achieving good workability in cement mortars incorporating 

SSA due to its hydrophilic nature, the second application of SSA in making precast 

concrete blocks was studied. This recycling method only require a small quantity of 

water to give a dry but cohesive mix which is then compressed into standard moulds. 

In this study, SSA was used as a partial substitution of cement together with recycled 

glass cullet for partial substitution of natural aggregates to produce concrete blocks. 
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Through investigating the hardened density, water absorption, compressive strength, 

drying shrinkage, alkali silica reaction of the concrete blocks, it was found that the 

benefits and drawbacks of SSA and glass cullet aggregates were complimentary to 

each other. The porous nature of SSA absorbed more water in mixing resulting in 

high shrinkage. While glass cullet in the mix, being hydrophobic, substantially 

reduced shrinkage of the blocks. On the other hand, expansion due to alkali silica 

reaction caused by the reactive glass cullet aggregates could in turn be controlled by 

the SSA present in the blocks. Other findings in this study included use of SSA 

increased the water demand and more water was needed to attain suitable consistency 

in making concrete blocks while the FSSA with smoother particles and less pores 

required slightly less water and the blending of 20% SSA or FSSA in the binder 

increased the water absorption values of the concrete blocks but the effects on 

hardened densities were not obvious. Besides, leaching tests conducted on both the 

SSA and the concrete blocks showed full compliance with regulations. This 

combined use of the two types of wastes, i.e., SSA and glass cullet, is innovative and 

successful. 

 

Another complimentary use of two wastes is blending GGBS with SSA in equal 

proportion to form an aluminosilicate precursor for synthesizing geopolymer pastes. 

In studying this application, the effects of alkali dosage, expressed as weight 

percentage of Na2O to the mixed solids, and modulus which represented the molar 



7 
 

ratio of SiO2 to Na2O in the mixed sodium hydroxide (NaOH) and sodium silicate 

(Na2SiO3) alkaline solution were assessed. Through various tests including 

compressive strength, XRD, QXRD, FTIR, SEM and EDX, insights into the 

microstructure of geopolymer and variations caused by different alkalinity was 

gained. SSA was found to be transformed in the geopolymerization and the quartz 

and hematite crystals in it were largely dissolved by the alkaline solution. Optimum 

alkali dosage of 4.0% and modulus of 0.95 could produce a geopolymer of maximum 

strength of 32.81 MPa. The main reaction product of the optimum mixture was a C-

(N)-A-S-H gel with Fe substitutions. The drying shrinkage of all specimens were less 

than 0.06% at the age of 14 days. This study built up a theoretical basis for recycling 

SSA as aluminum silicate sources for producing geopolymer.  
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CHAPTER 1 – INTRODUCTION 

 

1.1 Background 

 

Hong Kong faces growing pressure in waste management due to its limited 

landfilling capacity and strong objections to its extension by the public (News.gov.hk, 

2013). Dumping wastes in landfills is not a sustainable means of managing waste. 

Sewage sludge is generated from the treatment of wastewater. In Hong Kong about 

1000 tonnes of dewatered sewage sludge were produced every day in 2014 as 

reported by the Environmental Protection Department (EPD) (2014). They were 

disposed of in landfills in the past. In 2015, the Hong Kong government 

commissioned a mega-sized sewage sludge incinerator, the largest one in the world 

up to date, to treat sludge. This treatment method can generally convert dewatered 

sewage sludge into ash of 30% of the original weight after combustion of organics 

and vaporization of water (EPD, 2017). Sludge is incinerated in a fluidized bed in 

the incineration process. The ash is then collected by a dedust system and cyclone 

separators. Two types of ash are generated in this process: one is incinerated sewage 

sludge ash, i.e., SSA, and the other is air pollution control residues. The focus of this 

PhD study is SSA. Despite its smaller volume after incineration, SSA still needs to 

be disposal of in landfills at the moment. For sustainable waste management, various 

means of recycling SSA to reduce the burden on landfills are needed. 
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1.2 Research Objectives 

 

The application of SSA in construction products has attracted interest in conducting 

this PhD study. The huge consumption of construction materials can significantly 

reduce the waste through recycling. In this study, the SSA was used to replace cement 

as a supplementary cementitious material (SCM) to produce cement mortars and 

concrete blocks. It was also used to mix with ground granulated blast-furnace slag 

(GGBS) to synthesize geopolymer pastes. In all, the objectives of this study can be 

summarized as follows: 

(1) To evaluate potential chemical and microstructural factors governing the 

mechanical properties of cement pastes containing SSA. 

(2) To evaluate the benefits of the combined use of SSA as a cement replacement and 

recycled construction and demolition (C&D) aggregates or glass cullet (GC) as a 

partial substitution of natural aggregates (NA) in concrete blocks. 

(3) To understand the process of geopolymerization of SSA with GGBS and to 

evaluate the effects of alkalinity conditions on the process. 

 

1.3 Thesis Outline 
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This chapter introduces the background and purposes of the PhD study. The focuses 

of the remaining chapters of this thesis are as follows: 

Chapter 2 presents an overview of the findings from past studies about the effects 

of SSA on the properties of concretes and geopolymers. The potential environmental 

risks from leaching of metal(loid)s associated with those applications as revealed in 

some studies are also reviewed in this chapter. 

Chapter 3 describes the research methodologies employed in studying the various 

construction applications incorporating the SSA. It provides information on the 

chemical and physical properties of the materials, the proportioning and mixing of 

the ingredients, the curing conditions of test specimens and the experimental methods 

for evaluating the products. 

Chapter 4 discusses the mechanisms behind some beneficial effects of the SSA on 

the strength development of cement mortars through a comparison study with PFA 

and fine sewage sludge ash (FSSA). 

Chapter 5 discusses the properties of concrete blocks using SSA as a cement 

replacement together with recycled C&D aggregates or GC as a partial substitution 

of NA. 

Chapter 6 discusses geopolymerization of mixes of GGBS and SSA in equal weight 

under binary alkaline activators, namely, sodium hydroxide (NaOH) and sodium 

silicate (Na2SiO3), with different Na2O contents and moduli. 
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Chapter 7 summarizes the findings and draws conclusions on this PhD study 

followed by giving recommendations for future research.  
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CHAPTER 2 – LITERATURE REVIEW 

 

2.1 Introduction 

 

Among those potential reuse applications of SSA, many studies have been conducted 

on sintering materials containing SSA, including clay with SSA to produce bricks 

and tiles (Anderson, 2002; Chen and Lin, 2009a), clay and sewage sludge with SSA 

to produce lightweight aggregates (Cheeseman and Virdi, 2005; Chiou et al., 2006), 

and SSA alone or with additives including clay, glass powder and limestone to 

manufacture ceramic and glass-ceramic products (Park et al., 2003; Wang et al., 

2012). Besides, as phosphate rich reserve is limited but the demand for phosphate is 

high (Xu et al., 2012), many studies have been conducted on recovery of phosphate 

from SSA by different processes (Niu and Shen, 2017; Li et al., 2018) as SSA 

typically contain 13-25% phosphate by weight in the form of P2O5 (Adam et al., 

2009). There were also studies on some less usual recycling applications of SSA. 

They include soil stabilization in combination with Ca(OH)2 or cement (Lin, et al., 

2007; Chen and Lin, 2009) and addition to asphalt as mineral filler to replace 

limestone (Al Sayed et al., 1995). 

 

Another application of SSA is using it as a SCM to replace cement. Portland cement 

is the most widely used binder material in building and other infrastructure 
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construction. However, cement production utilizes natural resources, consumes high 

energy and generates huge amounts of carbon dioxide. In view of growing 

environmental concerns, there is a need to explore alternative cementing materials 

for sustainability. Waste materials, such as PFA and GGBS, have been beneficially 

recycled as partial replacement of cement in concrete. Many studies have also 

focused on using other wastes, such as municipal solid waste incineration bottom ash 

(Li et al., 2012), rice husk ash (Gursel et al., 2016), palm oil fuel ash (Alsubari et al., 

2016), etc. to substitute small amounts of cement for concrete production. This 

chapter presents an overview of the chemical and physical characteristics of SSA 

together with its effects on the properties of cement-based materials from findings of 

previous studies. 

 

Typical source materials for making geopolymers are those rich in silicon (Si) and 

aluminum (Al). The synthetization of geopolymers is an environmental-friendly 

process in which three-dimensional aluminosilicate materials are synthesized 

(Habert et al., 2011; Turner and Collins, 2013). The process involves the dissolution 

of Si and Al species from the precursors by an alkaline media as well as possible 

surface hydration of particles of the precursors, followed by coagulation and gelation 

of the dissolved minerals into monomers which undergo further polycondensation to 

form a gel and subsequently hardened geopolymer structure (Davidovits, 1994). 

Geopolymers are promising materials to replace cement as alternative binder 
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materials in construction works because they exhibited equal or even superior 

mechanical (Mehta and Siddique, 2016; Lahoti et al., 2017), durability (Bakharev, 

2005; Koenig et al., 2017) and high temperature (Kong and Sanjayan, 2008; Yang et 

al., 2017) properties compared with cement. SSA can be a potential precursor for 

synthesizing geopolymers because its main components are SiO2, Al2O3 and CaO as 

revealed in previous studies (Franz, 2008; Kosior-Kazberuk, 2011). However, not 

many researches have been conducted in this field. A summary of published data on 

using SSA as a base material for synthesizing geopolymers has been included in this 

chapter. 

 

2.2 Chemical Characteristics and Physical Properties of SSA 

Recorded in the Literature 

 

2.2.1 Oxide Compositions and Metal(loid) Element Contents 

 

Sewage treatment plant often handles domestic and industrial sewage together 

(Baeyens and Puyvelde, 1994). SSA which is a residue of incinerating sewage sludge 

therefore contains some common oxides and elements. Table 2.1 and Table 2.2 give 

average chemical compositions of major oxides and trace metal(loid) elements in 

SSA respectively presented by Cyr et al. (2007) from reviewing a number of articles. 

Major oxide components of SSA (SiO2, CaO, Al2O3 and Fe2O3) shown in Table 2.1 
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are similar to those of common cementitious materials such as PFA, silica fume and 

metakaolin (MK). The special oxide compositions of SSA indicate that it can be used 

for partial replacement of Portland cement in producing cement paste, mortar, and 

concrete. The special oxide compositions also show possible use of SSA as an 

aluminosilicate source for the production of geopolymers. 

 

The sulfur content (SO3) in SSA noted by Cyr et al. (2007) ranged from 0.01% to 

12.4% by weight. In Monzó et al. (1999)’s research, it was shown that high sulfur 

content did not seem to influence the compressive strength of mortars containing 

SSA and cement with different tricalcium aluminate contents. 

 

It can be seen from Table 2.2 that SSA contains a range of metal(loid)s like Ba, Zn, 

Cu and Pb, some of which in high concentrations. It is therefore probable that these 

metal(loid)s may leach out in some applications of SSA. Cyr et al. (2007) presented 

that the amount of metal(loid)s leached from SSA-containing mortars was slightly 

higher than that from the reference mortar without SSA but it remained of the same 

order of magnitude. Chen et al. (2013) studied the leaching contaminants from mortar 

and concrete with different SSA contents with monoliths cured for 3 months. They 

found that only Mo and Se at concentrations above their threshold limits leached 

from the SSA powder, and no contaminants including Mo and Se leached at 

concentrations exceeding the limits in the concrete monoliths. They then concluded 
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that mixing SSA with cement and sand to produce mortar and concrete was a good 

method for stabilizing SSA. 

 

To achieve better performance in stabilizing SSA in cement-based materials, Cyr et 

al. (2012) found that the use of MK led to a significant decrease in soluble fractions 

and metal(loid)s released from the binder matrix. They considered that the effect 

came from decreased permeability of the pastes, increased adsorption potential for 

metal(loid) ions, reaction of metal(loid) ions with cement and MK compounds during 

the hydration process, and possibly adsorption of metal(loid)s in the clay minerals of 

MK. However, it is noted that the study was conducted using a large amount of MK 

relative to SSA, its effectiveness had not been fully explored. Greater benefit can be 

achieved if further studies confirm that lesser proportions of MK also perform well.  

 

The actual composition of SSA generated in a particular place would deviate from 

the average composition due to different sources of wastewater, furnace temperatures 

and diverse additives introduced into the sludge processing systems. The actual 

composition should be checked and monitored to assess the changing properties of 

SSA collected from a plant before utilization. 
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Table 2.1 Average composition of oxides in SSA noted in the literature 

(Cyr et al., 2007)  

Oxide wt. % Oxide wt. % 

SiO2 36.1 Na2O 0.9 

Al2O3 14.2 K2O 1.3 

Fe2O3 9.2 TiO2 1.1 

CaO 14.8 MgO 2.4 

P2O5 11.6 MnO 0.3 

SO3 2.8 Loss of ignition (LOI) 6.1 

 

 

Table 2.2 Average contents of metal(loid) elements in SSA noted in the literature 

(Cyr et al., 2007) 

Element mg/kg Element mg/kg 

As 87 Pb 600 

Ba 4142 Sb 35 

Cd 20 Sn 400 

Co 39 Sr 539 

Cr 452 V 35 

Cu 1962 Zn 3512 

Ni 671   
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2.2.2 Mineralogy Compositions 

 

The common crystalline minerals in SSA are quartz (SiO2), calcite (CaCO3) and 

hematite (Fe2O3) and the proportions of amorphous and semi-crystalline phases in 

SSA range from 35% to 75%, as summarized in the book of Dhir et al. (2017). 

Variation in the mineralogy compositions of SSA is expected as it is derived from 

sewage sludge which varies widely in composition. Mineralogy composition of SSA 

significantly affects its reactivity in any recycling processes. 

 

A study conducted by Dhir et al. (2001) demonstrated that the amount and 

composition of the amorphous and semi-crystalline portion of SSA influenced the 

material’s performance. In general, the extent of hydration reaction was defined by 

the amorphous and semi-crystalline phase CaO/SiO2 ratio and Al2O3/SiO2 ratio. The 

contribution when used in combination with Portland cement improved as the 

composition of the amorphous and semi-crystalline fraction approached the region 

defined by Smolczyk (1980) as being inhabited by latent hydraulic materials, as 

shown on the CaO-SiO2-Al2O3 ternary diagram in Fig. 2.1. Such a region was defined 

by the relationships 0.5 < CaO/SiO2 < 2.0 and 0.1 < Al2O3/SiO2 < 0.6. Also shown in 

Fig. 2.1 are positions of four kinds of SSA based on their amorphous and semi-

crystalline CaO, Al2O3 and SiO2 compositions found by Dhir et al. (2001). It was 

claimed that the SSAs lay very close to the shadow zone and may undergo hydraulic 
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reactions. 

 

 

Fig. 2.1 Positions of latent hydraulic materials defined by Smolczyk (1980) and 

four kinds of SSA on a ternary diagram (Dhir et al., 2001) 

 

2.2.3 Morphology, Specific Gravity, Fineness and Grading 

 

The morphology of SSA is one of the basic characteristics that has been widely 

reported in the literature (Donatello and Cheeseman, 2013; Lynn et al., 2015; Dhir et 

al., 2017). Generally, SSA particles were irregular in shape and their surface was 

rough and porous. 

 

The average values of specific gravity, specific surface area in Blaine and Brunauer 

Emmett Teller (BET) of SSA obtained in the literature and calculated by Cyr et al. 

(2007) were 2.61, 450 m2/kg and 15100 m2/kg respectively. The BET test can 
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measure surface area at the scale of nitrogen molecules, but the flowing air method 

in the Blaine test cannot interrogate all parts of the surface area. It was reported that 

the BET test can measure surface area in the range of 686 m2/kg to 2000 m2/kg while 

the Blaine test can only measure surface area from 349 m2/kg to 545 m2/kg (Ferraris 

and Garboczi, 2013). Therefore, the Blaine test is less sensitive than the BET test in 

measuring surface areas. It was also mentioned in one article (Arvaniti et al., 2015) 

that the Blaine surface area would be smaller than the BET surface area when 

particles were porous or rough in surface. The particle sizes of SSA ranged from 8 

μm to 200 μm, with a mean diameter of 44 μm (Cyr et al., 2007). Dhir et al. (2017) 

through a review of large amount of experimental data reported in the literature found 

that the average specific gravity, specific surface area in Blaine and BET of SSA were 

2.6, 335 m2/kg and 10800 m2/kg respectively. The size of SSA particles ranged from 

8 μm to 263 μm with an average value of 49 μm (Dhir et al., 2017). From the studies 

of Cyr et al. (2007) and Dhir et al. (2017), SSA was lighter than conventional Portland 

cement and had very large BET specific surface area. Cyr et al. (2007) pointed out 

that the very high BET specific surface area of SSA was due to the irregular grains 

of SSA and their open porosity. Chen et al. (2013) also stated that SSA had much 

higher porosity than cement, sand and gravel. In the research of Chen et al. (2013), 

the porosity of SSA from some incinerated household wastewater sludge in France 

was about 76% by volume. 
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Pan et al. (2003) studied the change in specific gravity and fineness of ground SSA 

after different grinding time in a ball mill. Test results are shown in Table 2.3. It was 

noted that, the specific gravity and BET specific surface area showed little change 

with grinding time, but the Blaine fineness of SSA increased significantly with 

grinding time in the first 60 min and remained almost constant thereafter. Pan et al. 

(2003) explained that within the limit of the grinding machine, SSA particles were 

progressively broken into finer particles in the first hour but the increase in outer 

surface area was relatively insignificant compared with the inner pore surface area 

in view of the highly porous nature of SSA. Monzó et al. (1999) studied the 

influences of chemical composition and fineness of SSA on the mechanical strength 

of mortar by comparing samples with different granulometric distributions of SSA. 

It was claimed that fineness might have more dominant influence than chemical 

composition on the chemical reactivity of SSA-containing mortars. Lin et al. (2008) 

also found that for small particle of SSA, the main influence factor was the particle 

size rather than the chemical compositions. 
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Table 2.3 Specific gravity and fineness of SSA after grinding 

(Pan et al., 2003) 

 

 

 

2.3 Use of SSA as Cement Substitutions in Cement Mortar and 

Concrete 

 

2.3.1 Influence of SSA on Cement Hydration 

 

Relatively little attention has been paid to the effects of SSA on cement hydration 

including comparison with other SCMs in this respect. Portland cement consists of 

the following crystalline phases: alite (3CaO·SiO2 or C3S), belite (2CaO·SiO2 or C2S), 

tricalcium aluminate (3CaO ·Al2O3 or C3A), ferrite (4C ·A ·Fe2O3 or C4AF) and 
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gypsum (CaSO4·2H2O or CSH2). Decades of research have shown that Portland 

cement hydration involves a series of complex and interdependent chemical reactions 

which results in the formation of C-S-H (calcium silicate hydrate) gels with a typical 

Ca/Si ratio of 1.5-2.2 (Puertas et al., 2011), portlandite (Ca(OH)2 or CH) and 

ettringite (C6AS3H32 or AFt). The main hydration reactions are exothermic and 

calorimetry data almost invariably reveals four distinctive peaks, i.e., the initial 

dissolution phase, the induction period, the acceleration period and the deceleration 

period (Bullard et al., 2011). With partial substitution of the cement by SCMs, the 

effects of these materials on the cement hydration process need to be examined. 

 

From the limited calorimetry data published, Cyr et al. (2007) found that the adding 

SSA to mixtures would cause short delay in cement hydration and explained that this 

may be due to the presence of metal(loid)s in SSA and the dilution effect on cement 

since replacement of cement by SSA led to less thermal activation of cement. 

Nevertheless, the total heat evolved per gram of cement in early 96 hours increased 

with the content of SSA in mortars and was larger than that of the control mix. The 

authors attributed this phenomenon to the rapid activity of SSA in the mortar or its 

activation effect on cement hydration. However, their later studies showed that there 

was no improvement in the strength of mortar. 
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A study by Dyer et al. (2011) on SSA obtained from 4 sources in the UK revealed 

that the ashes had retardation effects on cement hydration. Furthermore, apparent 

secondary peaks appeared in the heat evolution curves, the magnitude of which were 

dependent on the proportions of SSA in the pastes. The authors attributed this 

phenomenon to the transformation of AFt to Al2O3-Fe2O3-mono (AFm) due to the 

exhaustion of sulfate in the pastes. 

 

Chen et al. (2013) said that when mixed with cement including replacing cement in 

partial, the size of SSA would affect a lot the hydration process. The smaller particles 

of cement would react first and crystallize at the close proximity of particles during 

the time of curing. The smaller particles of SSA would act as binder while the bigger 

particles which are less reactive would act as fillers. 

 

2.3.2 Pozzolanic Activity of SSA 

 

There are various methods which aim at assessing the potential for pozzolanic 

activity of a material (see Table 2.4). 

 

Table 2.4 Summary of common methods for assessing pozzolanic activity 

 

Method Principle of test and interpretation of results 
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EN 196-5 (2005), or 

Frattini test 

The test is directly linked to the requirements for CEM IV cements as 

defined in BS EN 197-1 (2011). The blended cement, i.e., cement + 

SCMs, is tested directly instead of the SCM alone. 20 g of blended 

cement is mixed with 100 ml of deionized water in a container, which 

is then sealed and placed in an oven at 40°C for either 8 days or 15 

days. The contents of the container are then filtered and the filtrate is 

tested for alkalinity and calcium concentration by chemical titration 

and results for [Ca2+] and [OH-] are plotted on the solubility curve for 

Ca(OH)2. Any result below the solubility curve is deemed to be 

indicative of a pozzolanic cement. 

ASTM C311, or 

strength activity 

index (SAI) test 

The SAI of a material is defined as the ratio of the compressive strength 

of the test mortar to that of the control (pure cement) mortar at the same 

age. The control mortar is prepared by mixing the cement, standard 

sand and water at the ratio of 1 : 2.75 : 0.484 and cast in 50 mm mortar 

cubes. The test mortar is prepared with 20% of the cement replaced by 

the test material. The workability of the test mortars is kept within ±5 

mm of that of the control mortar by varying the water content. A SAI 

greater than 75% after 7 days or 28 days infers the test material being 

a good pozzolan (ASTM C618, 2012). 

Analysis of pastes 

by simultaneous 

Blended cement pastes are prepared and cured under conditions 

identical to those for curing a control paste containing no SCM. Paste 
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thermogravimetric 

analysis (TGA) and 

differential thermal 

analysis (DTA) 

specimens are ground to fine powders and dried. A small part (mg) is 

then placed in a special balance where both weight change and heat 

flow can be monitored inside a furnace under programmed conditions. 

Ca(OH)2 content is measured by determining the above background 

weight loss that coincides with an endothermic peak around 400-650°C 

associated with the dihydroxylation of Ca(OH)2 (Taylor et al., 1985 and 

1985a). Results from the blended paste and the control paste are 

compared. A lower Ca(OH)2 content in the blended paste indicates a 

positive pozzolanic activity of the test material. However, an apparent 

consumption of Ca(OH)2 may be due to carbonation as well. Therefore, 

data should be checked for significant CaCO3 formation. 

Saturated lime 

method, or modified 

Frattini test 

The saturated lime method is a simplified Frattini method developed 

by Luxan et al. (1989) and modified by Yu et al. (1999), Payá et al. 

(2001) and Frías et al. (2008). This method is more widely used in 

research studies for assessing pozzolanic activities of materials (García 

et al., 2008; Donatello and Cheeseman, 2010; Tironi et al., 2013; 

Chhaiba et al., 2018). 1 g of the test material is mixed with 75 ml of 

saturated lime solution, i.e., a controlled quantity of Ca(OH)2, instead 

of cement and water used in the Frattini test. Curing of specimens is 

performed in an oven maintained at 40oC for 1, 3, 7, 28 and 90 days. 

The Ca2+ is removed by reaction with the test material and at the end 
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of each curing period the solution is filtered and tested for Ca2+ 

remaining in it. The loss of Ca2+ from the solution is the Ca2+ fixed by 

the test material. A higher fixation of Ca2+ indicates a greater 

pozzolanic activity of the test material. 

 

It should be noted that the TGA and DTA analyses, as well as the saturated lime 

method are not suitable for assessing the pozzolanic activity of the SSA in this study 

because Ca(OH)2 in the SSA cement pastes may not solely be consumed in the 

pozzolanic reaction and transformed into a cementitious compound. It may also be 

consumed by the amorphous iron phosphate in the SSA as stated by Dyer et al. (2011). 

 

Regarding the SAI method, it was developed for use only with fly ash. Care should 

therefore be taken when applying this test in any evaluation of other materials as a 

proof of their own pozzolanic activities because other factors can also affect strength 

development in blended cement pastes and mortars, especially porosity, which will 

be influenced by any changes in water/cement (w/c) ratio or workability and 

consistency caused by the introduction of SCMs. The SAI test, when considered 

alone, may fail to provide a clear and unequivocal demonstration of the pozzolanic 

reaction of the test material. When assessing the potential for pozzolanic activity of 

a new material such as SSA from a new source, it is prudent to consider results from 

more test methods. 
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The pozzolanic activity of SSA from various sources has been measured in previous 

studies. Pan et al. (2003) pointed out two major disadvantages of using SSA as a 

mineral admixture to replace cement partially from previous researches. First, the 

low pozzolanic activity. Second, the high water demand of SSA-containing mortar 

compared with ordinary cement mortar caused difficulty in maintaining both the 

water/binder (w/b) ratio and workability of SSA-containing mortar simultaneously. 

Pan et al. (2003) found a linear relationship, as shown in Fig. 2.2, between SSA 

fineness and SAI, from testing mortars with 20% cement replaced by SSA of different 

fineness and w/b material ratio of 0.6. Accordingly, SAI value approximately 

increased 5% when SSA fineness increased per 100 m2/kg. This result indicated that 

pozzolanic activity of SSA primarily occurred at the outer surface rather than in the 

pore space of SSA since the inner pores were blocked during early hydration. 

Although the increase of SSA fineness could effectively improve SAI values, they 

still fell below 100% due to lesser content of amorphous silicon oxide in SSA than 

that in pure cement. 
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Fig. 2.2 Effect of fineness on pozzolanic activity of SSA (Pan et al., 2003) 

 

Cyr et al. (2007) got results showing that mortars with 25% and 50% of cement 

replaced by SSA reached 92% and 84% at 3 months, indicating positive effect of 

SSA which might be related to moderate long-term pozzolanic activity due to limited 

content of SiO2 and AlO2 (Table 2.1) in SSA. In contrast, Donatello et al. (2010) 

concluded that SSA had no pozzolanic activity after conducting Frattini and SAI tests. 

 

Dyer et al. (2011) considered that the reaction of SSA as a SCM should not be simply 

regarded as pozzolanic activity because the hydration products of SSA in 

combination with cement composed apparent quantities of AFm products. It was 

highly probable that the amorphous fraction of SSA supplied additional aluminum 
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and iron in the hydration reaction to form AFm. The authors compared the 

amorphous compositions (Al2O5 + Fe2O3) of four kinds of SSA with the magnitude 

of secondary peaks in the hydration heat curves and found that there was a positive 

relationship of the amorphous content with the secondary peak heat evolution. 

Through a series of simulation experiments to check the reactions amongst FePO4, 

cement, Ca(OH)2 and SSA, the authors believed that at least some proportions of 

aluminum and iron presented in amorphous phosphate-bearing phases in SSA indeed 

took part in the hydration reaction in SSA-cement pastes. 

 

In the study by Halliday et al. (2012), the strength values decreased with more SSA 

added in mortar or concrete mixes, indicating limited pozzolanic activity of SSA. 

Tests of SAI with cement mortars containing 20% SSA showed that indices increased 

with time but some indices were lower than expected. The authors attributed this to 

the friable nature of SSA rather than the chemical compositions and believed that 

mechanical grinding would benefit the strength development. While indices 

increased with time at replacement level of 20%, indices reduced with time at 

replacement level of 10% SSA. The authors considered that at low replacement level, 

strength was mainly developed from the hydration of cement which masked the 

contribution of SSA. 

 

2.3.3 Influence of SSA on Mortar Workability 
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Monzó et al. (2003) studied the influence of different size fractions of SSA on the 

workability of mortars with 15% of cement replaced by SSA by the flow table spread 

(FTS) method according to ASTM C109 (2013). FTS value is the average of two 

vertical diameters of the flow. It was found that the workability decreased as particle 

size decreased. Monzó et al. (2003) explained that coarse particles had lower specific 

surface area than fine particles and required less water for surface saturation. 

 

Lin et al. (2008) studied the combined effect of SSA particle sizes and nano-SiO2 on 

SSA-containing mortar and found that, as the particle size of SSA became smaller, 

the consistency of mortar became stable, and the addition of nano-SiO2 had slight 

positive effect in increasing the consistency of SSA-containing mortars. Pan et al. 

(2003) also found that mortar workability decreased when cement was partially 

replaced by SSA. They further found that when the fineness of SSA increased 

through mechanical grinding, the workability of SSA-containing mortars increased 

due to the lubricant effect and morphology improvement. However, the optimal 

workability of SSA-containing mortars was still lower than the control mortar due to 

the porous and water adsorption nature of SSA. It should be noted that the finding of 

Pan et al. (2003) was conflicting with that of Monzó et al. (2003). More researches 

are needed to understand further the relationship between mortar workability and 

SSA fineness. 
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Many studies had reported that adding SSA to mortar or concrete mixes led to 

significantly greater water demand for keeping good workability in mixes (Cyr et al., 

2007; Chen et al., 2013) due to the very great surface area and porosity of SSA taking 

up water. In the research of Cyr et al. (2007), when SSA replaced cement by 25% 

and 50%, the water content had to be increased by 17% and 34% respectively to 

maintain the same workability. Monzó et al. (2003) studied the influence of SSA 

content on the workability of the SSA-containing mortars. FTS of mortars with 

cement replaced by SSA in the range of 0% to 30% and containing different water 

contents, namely 200 ml and 225 ml were measured. It was found that increasing 

percentage of SSA led to a decrease in workability of mortars but the effect was 

proportionally less significant. Moreover, when the replacement ratio was high 

(30%), the workability became very low. Monzó et al. (2003) explained that this 

behavior was due to the irregular morphology of SSA particles and high water 

adsorption on SSA particle surface and in internal pores of SSA. Wang et al. (2005) 

stated that the high water demand during the initial mixing of SSA was due to its 

high calcium content.  

 

To improve the workability of SSA-containing mortars, Monzó et al. (2003) also 

studied the effectiveness of adding superplasticizer to mortars with different SSA 

percentages. It was found that as the amount of superplasticizer increased, the 
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workability of the SSA-containing mortars increased. With the same superplasticizer 

content, the workability of mortars decreased as the content of SSA increased. Lynn 

et al. (2015) reported that the water absorption of SSA was ranged from 8% to 20%. 

Although the reduction in workability can be compensated by adding 

superplasticizers, this incurs additional costs.  

 

2.3.4 Influence of SSA on Compressive and Flexural Strength 

 

The majority of data published in this regard focused solely on measurement of 

strength. Most literatures reported that mortar or concrete of normal strength could 

be produced with small amount of cement replaced by SSA. However, information 

on how SSA affects the properties of cement mortars is limited given the modest 

pozzolanic activities of most SSA. For this reason, results will only be briefly 

summarized for the purpose of putting them in context.  

 

Monzó et al. (1999) found that replacing cement with SSA up to 30% did not reduce 

the compressive and flexural strength of mortars cured with 40oC water and 

suggested that this was due to the pozzolanic properties of SSA.  

 

Pinarli (2000) conducted a study on the use of SSA to substitute cement in concrete 

production and found that the compressive strength of concrete with up to 10% of 
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cement replaced by SSA was not adversely affected although the setting times were 

longer with increasing SSA content.  

 

SSA can be used to replace ordinary Portland cement (OPC) to up to 30% in cement 

mortar and 10% in high performance concrete without lowering the 28-day 

compressive strength (Fontes et al., 2004).  

 

Cyr et al. (2007) tested the compressive strength and flexural strength of mortars with 

25% and 50% of cement replaced by SSA. Superplasticizer was added to the mortars 

to maintain w/b material ratio of 0.5. Test results showed that SSA caused reduction 

in both strength compared to reference mortars, but such reductions became less over 

time.  

 

Chen et al. (2013) substituted cement by SSA at different ratios, from 0%, 10%, 20%, 

25% to 30%, to produce mortar, and found that with increasing amount of SSA in the 

mixes, the compressive and flexural strength decreased more. However, at a low 

replacement ratio of 10% the compressive strength of the mortar monoliths is similar 

to that of the blank.  

 

Ing et al. (2016) also reported similar or higher strength values in mortars containing 

up to 10% SSA in the binder compared to the blank. 
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Particle size of SSA is another factor affecting the development of strength in SSA-

containing mortars. Lin et al. (2008) compared the compressive strength of mortars 

with 20% of cement replaced by SSA of 1 µm, 10 µm, and 75 µm. Test results showed 

that smaller sizes of SSA gave higher compressive strengths at all curing times. Lin 

et al. (2008) explained that the larger specific surface areas of small SSA particles 

provided larger reaction areas and allowed greater pozzolanic activity resulting in 

higher compressive strength of the mortars. 

 

Chen et al. (2013) in their study noted that the characteristics of SSA in terms of 

particle size and elemental composition fell within an intermediate range between 

cement and sand. They considered that SSA added to mortar and concrete mixes 

possibly acted as substitutes of both cement and sand. From strength consideration 

of concrete mixes, they found that the most appropriate ratios were 10% substitution 

of cement and 2% substitution of sand because the level of strength to be confidently 

achieved could satisfy the technical requirements for residential and light 

commercial building. 

 

It should be noted that, although high porosity is a primary characteristic of SSA as 

reported in many studies (Lin and Weng, 2001; Chiou et al., 2006; Smol et al., 2015 ), 
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the relationship between the pore structure and mechanical properties of the paste 

has not been reported.  

 

Dhir et al. (2017) also expressed in their book that most studies on porosity of SSA-

containing mortar or concrete actually involved different types of water absorption 

tests but not in-depth microstructure analysis. 

 

2.4 Use of SSA as Cement Substitution in Concrete Blocks 

 

Little effort has been devoted to the research of using SSA as a cement substitute in 

the production of precast concrete blocks. Given the difficulties in controlling the 

w/b ratio and workability in cement mortars and concrete incorporating SSA, the 

application of SSA in making precast concrete blocks may be more suitable for the 

recycling of the waste because only a small quantity of water is needed to give a dry 

but cohesive mix suitable for the production of concrete blocks by the compression 

method using moulds (Kou et al., 2012; Lam et al., 2007; Poon et al., 2002).  

 

As revealed from limited literature in this subject, SSA was found to have minor 

effect on the density of precast concrete blocks. Reduced density and increased 

density were reported by Pérez-Carrión et al. (2014) and Baeza-Brotons et al. (2014) 

respectively with increasing SSA content in the binder up to 20%.  
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The water absorption of concrete blocks containing SSA was lower than that of 

concrete blocks without SSA (Baeza-Brotons et al., 2014) but the capillary 

absorption values of SSA blocks were comparable to or less than those of the SSA 

free blocks (Baeza-Brotons et al., 2014; Pérez-Carrión et al., 2014; Nagarjuna, 2015). 

 

Concrete blocks incorporating SSA to replace up to 20% OPC gave slightly lower 

strength values compared to the SSA free control blocks (Baeza-Brotons et al., 2014; 

Pérez-Carrión et al., 2014; Nagarjuna, 2015). 

 

Dhir et al. (2017) in their book advised that these losses in strength were manageable. 

The absolute losses in mean strength from the SSA free control blocks to the blocks 

containing 20% SSA in the binder were 0.3 MPa and 3.5 MPa respectively as 

reported by Pérez-Carrión et al. (2014) and Baeza-Brotons et al. (2014). Dhir et al. 

(2017) recommended the use of SSA in concrete blocks in suitable circumstances 

considering the appropriate strength requirements. However, these previous studies 

did not assess the durability performance of the blocks such as drying shrinkage and 

alkali-silica expansion if reactive aggregates were used. Besides, data on leachability 

of metal(loid)s from concrete blocks containing SSA was also absent. 
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On the other hand, aggregates are major constituents in making concrete blocks. 

Normally, NA such as river sand and crushed stones are used. Studies were conducted 

in the past on using different types of wastes such as C&D aggregates and GC to 

partially or completely replace NA for making concrete blocks. Schuur (2000) 

showed that the mechanical properties of new bricks made entirely from crushed clay 

brick waste could be comparable or even better than those made with natural sand. 

Poon and Chan (2006) also showed that the incorporation of demolition aggregates 

had minor effects on the compressive strength of the blocks. Besides, Turgut and 

Yahlizade (2009) reported that 20% substitution of fine NA by GC gave comparable 

compressive strength with the control blocks. Ling and Poon (2014) reported that 

crushed cathode ray tube glass could be used as alternative fine aggregates to produce 

good quality concrete blocks with compressive strength greater than 45 MPa. In 

Hong Kong, it has been demonstrated that concrete blocks made with C&D and GC 

aggregates comply with local standards for civil engineering works and are being 

commercialized (Ling et al., 2013). Highways Authority already requires precast 

concrete paving units to incorporate C&D and GC aggregates to encourage recycling 

of these two types of wastes (Highways Department, 2014). 

 

2.5 Use of SSA as an Aluminosilicate Precursor for Synthesizing 

Geopolymers 
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The knowledge on geopolymerization of SSA or its effects on other geopolymers 

remain limited. SSA is a potential source material of geopolymer by composition. It 

is rich in SiO2, Al2O3 and CaO, which are the most active compounds for 

geopolymerization.  

 

From the limited literature available, one study in the production of geopolymer 

concrete at ambient temperature using PFA and SSA as precursors and NaOH and 

Na2SiO3 as alkaline activators revealed that mechanical strength decreased with more 

incorporation of SSA (Paulnath et al., 2016).  

 

Another study on the geopolymerization of PFA and SSA with NaOH and Na2SiO3 

under 80oC steam reported that SSA could improve mechanical strength of PFA-

based geopolymer pastes with the best result attained at a ratio of 1 part SSA to 3 

parts PFA (Yamaguchi and Ikeda, 2010).  

 

For MK, it was shown in studies that SSA made little contribution to 

geopolymerization when blended with MK, particularly at ambient temperature 

(Istuque et al., 2016).  

 

On the other hand, more encouraging results were obtained in two studies which 

showed improved geopolymerization of GGBS with SSA added and NaOH as 
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alkaline activator. The best result was achieved at a ratio of 1 part SSA to 4 parts 

GGBS (Akasaki et al., 2015) or 7 parts SSA mixed with 2 parts quick lime and 1 part 

GGBS (Chakraborty et al., 2017). This result supports the use of SSA for partial 

replacement of GGBS in producing geopolymers. Drying shrinkage of SSA based 

mortar was also evaluated in the study (Chakraborty et al., 2017). It was reported that 

the drying shrinkage of mortars increased with the addition of NaOH and quick lime 

but such an effect could be counterbalanced by the use of appropriate amounts of 

GGBS. 

 

2.6 Summary 

 

It is clear from the literature that with SiO2, Al2O3 and CaO as the main components, 

there is a potential to use SSA as a SCM to partially replace cement or as an 

aluminosilicate precursor for synthesizing geopolymers. Leaching tests should be 

performed because SSA is obtained from incineration of sewage sludge in which 

metal(loid)s may be accumulated. 

 

Previous studies revealed that SSA has apparent effects on two major properties of 

fresh mortar and concrete, namely, cement hydration and workability. It is noted that 

the amount and composition of amorphous phase CaO, Al2O3 and SiO2 in SSA 

influenced the hydration reaction in SSA-containing mortar and concrete. Generally, 
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increasing percentage of SSA led to decreasing mortar workability, but the effect of 

SSA fineness on workability is inconsistent among some studies possibly due to 

different means of getting the finer fractions for testing.  

 

Most studies reported a modest change in compressive strength of mortar and 

concrete when SSA was used to replace cement up to 10%. In higher replacement 

ratio, strength decreased as SSA content increased. Furthermore, the size of SSA 

particles may also affect its properties, finer SSA would give higher strength than 

coarser SSA. The application of SSA using dry-mixed compression method may be 

more suitable for the recycling of the waste given the difficulties in controlling the 

w/b ratio and workability in cement mortars and concrete incorporating SSA. 

 

In order to understand better how porous SSA would affect cement hydration and 

strength development in mortar and concrete, the pore structures of hydrating cement 

pastes should be studied. 

 

For SSA to be produced from the new incinerator in Hong Kong, its characteristics 

may be quite different from those of SSA used in the literature due to different 

incineration technologies and sewage treatment process adopted in Hong Kong. How 

the chemical composition, morphology and fineness of local SSA affect the cement 

hydration, workability and more importantly the compressive strength need to be 
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evaluated through in depth studies. Although there are very few pollution industries 

operating in Hong Kong leaving very low content of metal(loid)s in foul water, 

vigorous tests on leaching from SSA-containing products would still be necessary to 

alleviate environmental concern about potential leaching of metal(loid)s coming 

from SSA. 
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CHAPTER 3 – METHODOLOGY 

 

3.1 Introduction 

 

The methodology adopted in this study was through series of experiments with 

appropriate scientific tests to evaluate the benefits of different applications of the 

SSA as construction materials and to gain knowledge of material transformation in 

such applications. Section 3.2 describes the experimental work carried out in 

connection with using SSA as a SCM to produce cement pastes and mortars. Section 

3.3 describes the experimental work undertaken related to the application of SSA as 

a SCM alone and in combination with recycled aggregates to produce concrete 

blocks. Section 3.4 describes the experimental work associated with the use of SSA 

as an aluminosilicate precursor in combination with GGBS to produce geopolymer 

pastes under the effects of different alkali content and modulus. 

 

3.2 Preparation and Investigation of Cement Pastes and Mortars 

 

3.2.1 Materials 

 

A certain amount of OPC was replaced by PFA, SSA or FSSA respectively to produce 

the cement paste or mortar. The chemical and physical properties of OPC, PFA, SSA 
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and FSSA are summarized in Table 3.1. The method for testing specific gravity 

follows BS EN 196-6 : 2010. Specific gravity is the ratio of the density of a material 

to the density of water. The density is determined by pycnometer using the kerosene 

displacement method. For the X-ray fluorescence (XRF), laser size diffraction and 

nitrogen BET tests, samples were sent to outside laboratories for testing. The major 

oxide components in the SSA and FSSA studied were SiO2, Fe2O3, Al2O3 and CaO. 

The contents of SiO2 and Al2O3 were lower than the respective mean values of 32.8% 

and 14.2% reported by Dhir et al. (2017). However, the contents of Fe2O3 in the SSA 

and FSSA were much higher than the mean value of 11.3% reported due to the use 

of ferric chloride in the primary treatment of sewage in Hong Kong. There were high 

levels of phosphate in the SSA and FSSA. Phosphate comes from many sources 

including food, drinks, detergents, polishing agents in toothpaste, bath solutions, 

animal wastes and fermented plants. It can also be noted from Table 3.1 that the 

specific gravity, fineness and specific surface area of SSA increased with grinding. 

The specific gravities of OPC, PFA, SSA and FSSA were 3.09, 2.51, 2.33 and 2.74 

respectively. The very high BET surface areas of SSA and FSSA were due to their 

irregular grain shapes and open porosities as revealed below. 

 

The particle size distribution curves of OPC, PFA, SSA and FSSA are shown in Fig. 

3.1. From the results, it can be seen that SSA was much coarser than PFA but FSSA 

was much finer than PFA.  



62 
 

 

The morphologies of PFA, SSA and FSSA particles are shown in Fig. 3.2. As 

compared to PFA which was mostly spherical in shape with a smooth surface, the 

original SSA particles were irregular in shape and contained many isolated and open 

pores. After grinding, the irregular grains of SSA were broken into smoother particles  

with fewer pores observed.  

 

To identify the crystalline components in SSA, only FSSA was tested. Fig. 3.3 and 

Table 3.2 show the results of mineralogical and semi-quantitative X-ray diffraction 

(QXRD) analyses respectively. It can be seen from Fig. 3.3 that the dominant 

crystalline components of FSSA (SSA) were quartz (SiO2, Powder Diffraction File, 

i.e., PDF #03-065-0466), hematite (Fe2O3, PDF #01-085-0987), magnetite (Fe3O4, 

PDF #01-075-0449), leucite (KAlSi2O6, PDF #01-075-0550) and albite (NaAlSi3O8, 

PDF #01-089-6428). Fig. 3.3 also reveals that PFA contained crystalline phases like 

quartz (SiO2), hematite (Fe2O3), magnetite (Fe3O4) and mullite (3Al2O3∙2SiO2, PDF 

#01-085-1460). The results of semi-quantitative analyses shown in Table 3.2 reveal 

that FSSA (SSA) contained a lower proportion of other non-crystalline (amorphous 

and semi-crystalline) phases compared to PFA (53.11% vs. 82.97%). 
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Table 3.1 Oxide compositions and physical properties of the tested materials 

 

Oxide (wt. %) OPC PFA SSA FSSA Test method 

MgO 1.47 3.97 3.15 3.16  

Al2O3 3.77 18.9 12.2 12.26  

SiO2 19.3 44.2 27.7 27.91  

CaO 63.8 11.87 10.4 10.47  

TiO2 0.26 1.05 0.52 0.52  

Fe2O3 3.08 11.34 18.2 18.32  XRF 

SO3 5.38 1.76 6.10 6.13 

MnO 0.06 0.24 0.24 0.24  

K2O 0.69 1.65 1.88 1.89  

Na2O  1.32 7.28 7.32  

P2O5  0.41 9.72 9.77  

LOI 2.08 3.28 1.97 2.01  

Specific gravity 3.09 2.51 2.33 2.74 BS EN 196-6 : 2010 

Mean diameter (m) 19 38 60 6 Laser size diffraction 

BET (m2/kg) 533 559 1329 17366 Nitrogen BET 

        Note: Only one large batch of SSA was collected to do the research.  

There were no material changes in the nature of SSA ever time. 
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Fig. 3.1. Particle size distributions of the tested materials 

Fig. 3.2. Images of PFA, SSA and FSSA 
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Fig. 3.3. Mineralogy of PFA and FSSA (SSA) 

 

Table 3.2 Mineralogical compositions of PFA and FSSA (SSA) (wt. %) 

 

 Quartz Hematite Magnetite  Leucite  Albite Mullite Others 

PFA 7.26 1.38 1.68 - - 6.71 82.97 

SSA and FSSA 24.03 1.04 12.20 2.10 7.52 - 53.11 

 

 

10 15 20 25 30 35 40 45 50 55 60 65 70

PFA

























 














SSA and FSSA
 




  



 















 Magnetite (Fe3O4)

Hematite (Fe2O3)

 Mullite (3Al2O32SiO2)

 Quartz (SiO2)

Albite (NaAlSi3O8)

Leucite (KAlSi2O6)



66 
 

3.2.2 Proportioning, Mixing and Curing 

 

Paste and mortar specimens were prepared in this study. The OPC and PFA were 

commercially available in Hong Kong. The SSA was provided by the sludge 

incinerator in Hong Kong. The FSSA was obtained by further grinding SSA in a 

laboratory ball mill for three hours. The w/b ratio was kept at 0.484 in all the mixes. 

Two types of paste specimens were prepared. One type was pure OPC, PFA, SSA or 

FSSA paste. Another type was OPC blended with PFA, SSA or FSSA which were 

used to replace 5%, 10% or 20% of OPC respectively. For the mortar mixes, standard 

sand with particle sizes ranging from 0.5 mm to 1 mm was used as the aggregate. An 

ASTM C109 (2013) mortar made with OPC, standard sand and water at a ratio of 1 : 

2.75 : 0.484 was prepared as the control mix, which gave a mini slump cone flow 

value of around 175 mm on average. To prepare the test mortars, PFA, SSA or FSSA 

was used separately to replace 5%, 10% and 20% by weight of the OPC. A 

superplasticizer ADVA 109 (GRACE Construction Products, Hong Kong) with a 

specific gravity of 1.045, containing no chloride additives was added to the test 

mortars. The content of superplasticizer was around 0.28% by mass of the binder in 

the cement mortar containing SSA or FSSA. A vibrating table was used to compact 

the mortars. The mortars for testing the workability changes of the fresh mixes were 

prepared using the same mix proportions without the addition of the superplasticizer. 

A summary of the mix proportions is provided in Table 3.3. 
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The mixing of the pastes and mortar samples followed the same procedure: first, the 

binder materials together with sand, if required, were mixed for 2 mins at a low speed. 

Next, water with or without superplasticizer was added and the mixing was continued 

for 1 min. Afterwards, the bottom of the mixer was scraped manually with a steel 

trowel to avoid materials sticking to the bottom. Finally, the mixing was continued 

at a higher speed for 2 more mins. The freshly mixed materials were then cast into 

steel moulds and vibrated for 1 min to remove air bubbles. After troweling the surface, 

the moulds were covered with a polyethylene sheet to prevent moisture loss. 
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Table 3.3 Mix proportions of the paste and mortar mixes 

 

 

 

Specimens for flexural and compressive strength tests were cast in 40 × 40 × 160 

mm prismatic moulds. For microstructure analyses, 50 × 50 × 50 mm cube moulds 

were used. After 1 day, the specimens were demoulded and placed in a 23°C water 

tank until testing. Other 25 × 25 × 285 mm prismatic moulds were used for 

preparation of the specimens for testing drying shrinkage. The demoulded specimens 

were immersed in a 23°C water tank for 2 days prior to measuring the initial length. 

The specimens were then placed in an environmental chamber at 23 ± 2oC and 50 ± 

5% relative humidity to monitor length changes. 
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3.2.3 Experimental Methods 

    

The oxide compositions were analyzed by a Rigaku Supermini200-type XRF 

spectrometer. Tests were carried out on pressed powder specimens with a Pd X-ray 

source working at 4 mA and 50 kV. 

 

The particle size distributions of the powder materials were tested on a Malvern 

Instrument’s Spraytec laser diffraction system with a measuring range from 0.020 

µm to 2 mm.  

 

The morphologies and element compositions of gold-coated specimens were 

examined using scanning electron microscopy (SEM) and energy dispersive X-ray 

(EDX) spectroscopy (TESCAN VEGA3). 

 

The X-ray diffraction (XRD) test requires grinding the specimens to a very fine form. 

To conduct the XRD test on the blended cement paste, pellet specimens were ground 

to form powder specimens in a ceramic bowl. The XRD apparatus used was a Rigaku 

Smartlab 9kW diffractometer with 20 mA and 40 kV, Kb-filtered CuKa radiation. An 

angular range of 10-70o 2 in a step interval of 0.01o and a scan speed of 1.2o/min 

was adopted throughout the tests. The peaks were identified by PDXL Rigaku 
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software using a XRD pattern database International Centre for Diffraction Data PDF 

(ICDD PDF).  

 

Semi-quantitative QXRD tests for quantification of the crystalline and amorphous 

phases in the specimens were performed using the Rietveld refinement method. 

Twenty percent by weight of corundum was added to each specimen as the internal 

standard for conducting the quantification analysis. The specimens mixed with 

corundum was ground in an agate mortar to pass through a 45 m sieve to obtain 

optimal particle dispersion and fineness. 

 

The procedures for conducting the Isothermal Conduction Calorimetry (ICC) test 

were based on ASTM C1679-09 (2009). ICC tests were conducted by a model I-Cal 

4000 calorimeter manufactured by Calmetrix Inc. The heat evolution was measured 

under a constant temperature set at 21oC. Since most of the heat was generated at the 

early stages and the peak evolution rate normally occurred within 24 hours, the 

hydration heat was continuously monitored for a period of 48 hours. Each reported 

result is the average of measurements from two specimens.  

 

The pozzolanic activities of PFA, SSA and FSSA were assessed by the Frattini test. 

The test was carried out according to the method specified in EN 196-5 (2005). The 

control specimen was prepared with 100% OPC mixed with 100 ml of deionized 



71 
 

water. The tested specimens were made of 80% OPC and 20% PFA, SSA or FSSA 

by mass. The specimens were then stored in sealed containers at 40oC for 8 days. The 

concentrations of [Ca2+] and [OH-] in the filtered solutions were measured and 

compared with the saturation isotherm of calcium hydroxide at the same temperature. 

Two specimens were tested for each material.  

 

The FTS method, which followed BS EN 1015 (1999), was used to study the 

influence of PFA, SSA or FSSA on the workability of the mortar mixes. No 

superplasticizer was added to the mix in this test.  

 

For the specimens prepared for the strength tests, superplasticizer was added in order 

to achieve similar workability while keeping the same w/b ratio in different mixes. 

Three-point bending tests for flexural strength were carried out in conformity with 

ASTM C348-97 (2002). The broken portions in the flexural test were used to obtain 

the equivalent compressive strength according to ASTM C349 (2008). The 

compressive strength tests were conducted using a Denison compression machine 

which applied load at a rate of 0.6 MPa/sec. Each reported value was the average of 

measurements from three specimens.  

 

The paste specimens were prepared for performing the mercury intrusion 

porosimetry (MIP) tests according to BS 7591 Part 1 (1992). After reaching the 
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required curing ages, the specimens were crushed into small pellets of about 2.36 

mm in diameter and soaked in acetone for one week to stop the hydration reaction 

followed by one further week of dehydration by changing to a new portion of acetone. 

The solvents were decanted and the pellet specimens were dried in a vacuum oven at 

60oC until the time for measurement using a Micromeritics AutoPore IV 9500 

equipment with a measuring pressure ranging from 0.01 to 207 MPa. With a setting 

of contact angle of 140o (Day and Marsh, 1988; Taylor, 1997) and a constant surface 

tension of mercury of 485 dynes/cm (Taylor, 1997), the MIP test could measure the 

pore diameter of the paste specimens ranging from about 0.007 to 144 m. The result 

was the mean of two measurements.  

 

The standard test method ASTM C596-01 (2009) was used to determine the drying 

shrinkage of the cement mortar with different PFA, SSA or FSSA contents. The initial 

lengths of bar specimens were measured using the length comparator after the 

specimens were water cured for two days after demoulding. The specimens were then 

transferred to a drying chamber (23 ± 2oC and 50 ± 5% relative humidity). Further 

measurements were made at 1, 4, 7, 28, 56, 90 and 112 days. The reported length 

change was the average of measurements from two specimens. 

 

3.3 Preparation and Investigation of Concrete Blocks 
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3.3.1 Materials 

 

The binder materials used in this part of the study included OPC, PFA, SSA and 

FSSA. Their chemical and physical properties have been reported in section 3.2.1. 

Table 3.4 gives the total and leachable metal(loid) concentrations in the FSSA (SSA). 

It shows that the FSSA (SSA) contained some metal(loid)s with varying 

concentrations. The total concentrations of Zn and Cu were rather high, followed by 

Sr, Cr and Ba. Similar results were also reported in previous studies (Franz, 2008; 

Xu et al., 2012). However, the amounts of different metal(loid)s that could leach out 

by the Toxicity Characteristic Leaching Procedure (TCLP) test were limited. The ash 

can be considered as a non-hazardous waste. 

 

All the aggregates used were smaller than 5 mm. The natural aggregate (NA) used 

was a crushed granite. The recycled C&D aggregates were derived from demolition 

of buildings and mainly comprised crushed concrete rubbles. The glass cullet (GC) 

was obtained from crushing clean mix-coloured post-consumer beverage bottles. 

Both the recycled C&D aggregates and GC were provided by a waste recycling 

company in Hong Kong.  

 

The physical properties of the three types of aggregates are shown in Table 3.5. It 

can be seen that the density of the natural granite aggregates was higher than those 
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of recycled aggregates and GC. The water absorptivity of recycled aggregates was 

very much higher than that of NA but the water absorptivity of GC was about zero. 

The fineness modulus of each aggregates was determined according to ASTM 

C33/C33M (2016). All the moduli of the aggregates fell within the ASTM limiting 

range from 2.3 to 3.1 for concrete fine aggregates. The grading curves of all the 

aggregates lay within the grading limits for fine aggregates recommended in ASTM 

C33/C33M (2016) as shown in Fig. 3.4. 
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Table 3.4 Total metal(loid) contents in FSSA (SSA) and TCLP leaching 

concentrations 

 

Metal(loid) 
Total content 

(mg/kg) 

Leachate by TCLP 

(mg/L) 

TCLP limit 

(mg/L) 

Sb 3.6 0.0065 – 

As 12.4 0.052 5 

Ba 172.8 0.035 100 

Cd < DL 0.0165 1 

Cr 185.2 < DL 5 

Cu 1062 2.46 – 

Pb 67.6 0.036 5 

Ni 134.8 0.0885 – 

Co 2.8 0.005 – 

Se 25.6 0.122 1 

Sr 428.8 4.012 – 

Ag 1.6 < DL 5 

Zn 1755.2 2.601 – 

DL: detection limit. 
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Table 3.5 Properties of aggregates 

 

Properties NA C&D aggregates GC 

Saturated-surface-dry density (kg/m3) 2620 2310 2500 

Water absorption (%) 1.25 10.50 0 

Fineness modulus 2.91 2.70 2.77 

 

 

Fig. 3.4. Particle size distributions of aggregates 

 

3.3.2 Proportioning, Mixing and Curing 
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A series of tests were conducted to determine the properties of the blocks with 

different constituents of waste materials. The control mix was made with OPC and 

NA. Recycled aggregates derived from C&D waste and crushed beverage GC were 

incorporated separately for replacing NA. SSA was used to partially replace cement 

as a binder. FSSA obtained from grinding SSA and PFA were also used at the same 

replacement levels for comparison of performance. The concrete block specimens 

were cast by a dry-mixed method (Lee et al., 2013; Ling and Poon, 2014). The w/b 

ratio was not specified using this method. The aggregates/binder ratio was fixed at 3. 

For assessing the effects of recycled C&D aggregates on properties of the concrete 

blocks, the composition of the binder was fixed at 80% OPC and 20% SSA. The 

recycled aggregate blocks contained either 20% or 50% C&D aggregates as 

replacement of NA. For blocks made with recycled GC to replace part of NA, either 

PFA, SSA or FSSA was added to replace 10% or 20% by weight of the OPC. 

 

In the dry-mixed method, the mixes were prepared with just sufficient amount of 

water to achieve cohesion but with no workability. In this moisture state, no excess 

water would be squeezed out from the specimen during the moulding process. Binder 

and aggregates were first mixed for 3 min in a laboratory mechanical mixer. 

Afterwards, water was added and the mixture was further mixed for another 3 min. 

The fresh concrete with zero slump value was then placed into steel moulds. The 

blocks for the determination of hardened density, water absorption and compressive 
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strength were cast in cylindrical steel moulds with an internal diameter of 50 mm and 

a height of 50 mm while prismatic specimens with dimensions of 25 mm by 25 mm 

by 285 mm were prepared for measuring the dimension changes due to drying 

shrinkage and alkali-silica expansion. After manual casting, a compression force of 

60 kN was applied for 30 seconds to compact the materials in the mould. The dry-

mixed casting method allows instant demoulding of the specimens for highly 

efficient production. After one day of air curing, the specimens for the determination 

of hardened density, water absorption and compressive strength were cured in water 

at temperature of 23 ± 3 °C until the day of testing. 

 

3.3.3 Experimental Methods 

 

The experimental methods for conducting the XRF, laser size diffraction, SEM, XRD 

and QXRD of the materials and concrete blocks were the same as the aforementioned 

in section 3.2.3. 

 

To measure the total concentration of metal(loid)s in the FSSA, i.e., SSA, the aqua 

regia strong acid digestion technique following BS EN 13657 (2002) was used. 

According to the Environmental Protection Agency (EPA)’s TCLP protocol EPA 

Method 1311 (1990), an acetic acid solution with a pH of 2.88 was used to extract 

metal(loid)s from both FSSA as well as crushed fragments from cast blocks 
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containing FSSA at a liquid to solid ratio of 20 in a rotary tumbler for 18 hrs. The 

TCLP method was developed to simulate scenarios of landfilling and to estimate the 

worst-case leaching conditions on disintegrated landfill wastes due to prolonged 

aging effects (Li et al., 2017). The concentrations of metal(loid)s were determined 

by using an inductively coupled plasma-atomic emission spectrometry (ICP-AES, 

Perkin Elmer Optima 3300DV). The results given are the averages of two 

measurements. 

 

The pozzolanic activities of the PFA, SSA and FSSA were assessed by the Frattini 

test and the SAI test. The procedures of the tests are summarized in Table 2.4. The 

FTS method (BS EN 1015, 1999) was used to test the workability of different mortars. 

The FTS tests were conducted on mortar cubes of 50 mm. The control mortar was 

prepared with 100% OPC at a w/b ratio of 0.484 and an aggregates/binder ratio of 

2.75. Standard sand with particle sizes ranging from 0.5 mm to 1 mm were used as 

the aggregates. The tested specimens were prepared with PFA, SSA or FSSA 

replacing up to 20% of OPC. The w/b ratio was maintained at 0.484 without adding 

superplasticizer. 

 

The densities at saturated surface dry condition of the aggregates and the cylindrical 

block specimens at the age of 28 days were determined according to BS 812 (1995) 

for aggregates and BS 1881-114 (1983) for hardened concretes respectively. The 
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densities of the aggregates and blocks are the ratios of their weights at saturated 

surface dry condition to the weights of equal volumes of water. The reported results 

were the average values of three specimens. 

 

The compressive strength values of the cylindrical block specimens were determined 

using a common universal testing machine with a maximum capacity of 3000 kN. A 

loading rate of 0.6 MPa/sec was applied to the block specimens. Three specimens of 

each mix were tested to give average results.  

 

The water absorption of different aggregates and the cylindrical block specimens 

made with these aggregates were determined in accordance with BS 812 (1995) and 

AS/NZS 4456 (2003) respectively. In both tests, the weights of the specimens after 

wiped dry on their surface and the weights of the same specimens after oven dried 

were compared. The water absorption value was the amount of water absorbed from 

the oven dry state to the saturated surface dry state, expressed as a weight percentage 

of the oven dry state. Each result presented was the average value of three specimens. 

 

The drying shrinkage tests were conducted following the procedures in BS 6073 

(1981). According to the standard, 285 mm long bar specimens were first wrapped 

by plastic films to prevent loss of moisture during curing at room temperature and 

then placed in a drying chamber with the temperature controlled at 23 ± 2 oC and the 
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relative humidity controlled at 50 ± 5%. The percentage changes in lengths of the 

specimens after the drying process were checked regularly. Each result was the 

average of two specimens. This method for evaluating the drying shrinkage of dry-

mixed specimens was reported in previous studies (Zhan and Poon, 2015; Xuan et 

al., 2016).  

 

Alkali silica reaction (ASR) is the reaction between the alkaline pore solution in the 

cement matrix and the reactive silica in the aggregates. The product of this chemical 

reaction can cause deleterious cracking in the hardened concrete in the presence of 

moisture. It is a concern in mixing GC with cement because glass contains reactive 

silica. For assessing this potential problem, an accelerated ASR test was carried out 

on bar specimens in accordance with ASTM C1567 (2013). GC were used as the only 

fine aggregates in the bar specimens. The binder in the control bar was pure OPC 

while the binders in the test bars were OPC blended with PFA, SSA or FSSA. The 

bar specimens were demoulded 24 hours after casting followed by immersing in a 

water tank at about 80oC for another 24 hours. The initial lengths of the bar specimens 

were then measured using a length comparator. The specimens were then transferred 

in a 1 M NaOH solution at about 80oC and their lengths were measured periodically 

for 14 days. Two specimens for each mix were tested to give an average result. 

Expansion of less than 0.1% at the end of 14 days indicates insignificant ASR. 
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3.4 Preparation and Investigation of Geopolymer Pastes 

 

3.4.1 Materials 

 

The GGBS precursor was obtained commercially and the SSA precursor was directly 

collected from the sewage sludge incinerator in Hong Kong. GGBS and SSA were 

analyzed for oxide compositions, particle size distribution, mineralogy and 

morphology using XRF, laser size diffraction, XRD and SEM respectively. The oxide 

compositions of GGBS, SSA and mixed solids are shown in Table 3.6. The mixed 

solids were prepared by mixing GGBS and SSA on a 1 to 1 basis by mass. A large 

amount of the SSA was used to confirm the function of the SSA in the 

geopolymerization process as well as to maximize the recycling of the waste. CaO, 

SiO2 and Al2O3 were the most abundant components presented in GGBS. Fig. 3.5 

shows the particle size distributions of GGBS, SSA and the mixed solids. From the 

results, it can be seen that the GGBS was finer than the SSA. The particle size 

distribution of the GGBS was ranged from 0.869 m to 33 m and that of the SSA 

was ranged from 2.92 m to 194.2 m. The mixed solids had a continuous non-

homogeneous grading. 
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Table 3.6 Oxide compositions of GGBS, SSA and mixed solids 

 

Oxide (wt. %) GGBS SSA Mixed solids 

MgO 7.32 3.15 5.65 

Al2O3 14.22 12.20 13.71 

SiO2 34.78 27.78 30.88 

CaO 38.38 10.42 24.44 

TiO2 0.71 0.52 0.60 

Fe2O3 0.27 18.23 9.75 

SO3 2.86 6.10 4.08 

MnO 0.37 0.24 0.33 

K2O 0.77 1.88 1.23 

Na2O - 7.28 3.24 

P2O5 - 9.72 5.06 

LOI 0.13 2.48 1.00 

          Mixed solids: mixture of GGBS and SSA in equal weight 
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Fig. 3.5. Particle size distributions of GGBS, SSA and mixed solids 

 

Mixture of NaOH and water glass i.e. Na2SiO3 was used as an activator. NaOH with 

purity of 98% in pellet form and Na2SiO3 comprising 28.3% SiO2, 8.6% Na2O and 

58.4% water by weight were purchased commercially. The NaOH solution was 

prepared by dissolving NaOH pellets in water. The solution was stirred for at least 

10 mins to ensure all the pellets were dissolved. After cooling, the NaOH solution 

was mixed thoroughly with Na2SiO3 in prescribed proportions to prepare the alkaline 

solution. 
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The mix proportions of specimens are shown in Table 3.7. Pastes were made by 

mixing the mixed solids with the alkaline solutions. The alkaline solutions were 

prepared to achieve different weight percentages of Na2O to the mixed solids (3.5%, 

4.0% and 4.5%) and moduli (0.60, 0.95 and 1.30). The modulus is the SiO2/Na2O 

molar ratio in a mixed alkaline solution. The Na2O in the solution included the Na2O 

in both the NaOH and Na2SiO3. By applying the dry-mixed method to prepare the 

specimens, only a small amount of water (water/mixed solids ratio of 0.2) was 

required to produce a paste with enough consistency but with no workability (zero 

slump). The water content included water in the Na2SiO3 and additional water added 

to the mixture. 

 

The geopolymer pastes were prepared using the dry-mixed compression method. The 

GGBS and SSA powder were placed in a laboratory mechanical mixer and mixed for 

5 mins. The alkaline solution was then added and the mixture was further mixed for 

another 5 mins. All the mixes achieved similar cohesion but with no workability. The 

specimens to be used for the determination of compressive strength were cast in steel 

cylindrical moulds of 50 mm internal diameter and 50 mm height. Subsequently, a 

compression force of 60 kN was applied for 30 secs to compact the materials in the 

moulds. No excess solution would be squeezed out from the specimens during the 

process. The dry-mixed casting method allowed instant demoulding of the specimens 

which were left undisturbed at room temperature in air until the time of testing. 
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Table 3.7 Mix proportions of the dry-mixed geopolymer pastes 

 

Paste ID 
Mixed solids Alkaline solution 

GGBS SSA Na2O content (wt. %) Modulus 

GeoP-N3.5-M0.60 0.5 0.5 3.5 0.60 

GeoP-N3.5-M0.95 0.5 0.5 3.5 0.95 

GeoP-N3.5-M1.30 0.5 0.5 3.5 1.30 

GeoP-N4.0-M0.60 0.5 0.5 4.0 0.60 

GeoP-N4.0-M0.95 0.5 0.5 4.0 0.95 

GeoP-N4.0-M1.30 0.5 0.5 4.0 1.30 

GeoP-N4.5-M0.60 0.5 0.5 4.5 0.60 

GeoP-N4.5-M0.95 0.5 0.5 4.5 0.95 

GeoP-N4.5-M1.30 0.5 0.5 4.5 1.30 

 

3.4.3 Experimental Methods 

 

The experimental methods for conducting the XRF, laser size diffraction, SEM, EDX, 

XRD and QXRD in the study of geopolymer pastes were the same as the  

aforementioned in section 3.2.3. The TCLP test was carried out by the same method 

as aforementioned in section 3.3.3. 



87 
 

 

Compressive strength was tested by using a universal testing machine with a 

maximum capacity of 3000 kN. The loading rate was set at 0.6 MPa/sec. For each 

mix twelve specimens at ages of 7 days and 28 days were tested, and the average 

results were reported. 

 

Fragments from the central part of the broken specimens after measurement of the 

compressive strength were vacuum dried for carrying out microstructural analyses. 

The fractured specimens of 28 days in age were ground to powder passing the 45 m 

sieve for the XRD, QXRD and Fourier transform infraRed spectroscopy (FTIR) 

analyses. For  the SEM and EDX analyses, the broken pieces at the ages of 1, 3 and 

28 days were gold coated after vacuum dried and observed by SEM. 

 

The FTIR analyses were performed using a  Bio Rad FTS 6000 Spectrometer. The 

spectra were collected in the range between 4000 and 400 cm−1 with a spectral 

resolution of 1 cm-1. Specimens in powder form passing the 45 m sieve were 

prepared by thoroughly mixing 1 mg of the powder with 200 mg of KBr (potassium 

bromide) and then pressed into transparent disks for the FTIR analyses. 
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CHAPTER 4 – COMPARATIVE STUDIES ON THE EFFECTS OF 

SSA AND PFA ON CEMENT HYDRATION AND PROPERTIES 

OF CEMENT MORTARS 

 

4.1 Introduction 

 

There are clear and well-established environmental, economic and technical 

advantages to using SCMs. The main SCMs include PFA, GGBS, silica fume, natural 

pozzolan (e.g., volcanic ash) and natural calcined pozzolan (e.g., MK). From a 

technical perspective, different SCMs exhibit different advantages and disadvantages. 

As one may expect, comparative studies of SSA and other SCM using the same 

equipment and applying the same conditions would help evaluate the effectiveness 

of SSA used in blending with cement and identify any unusual effects from SSA. As 

the size of SSA particles may also affect its properties, it is important to repeat tests 

on FSSA of corresponding amounts for comparison. FSSA was obtained from 

grinding the SSA in a ball mill for 3 hours. 

 

While many studies have been conducted on the physical properties of SSA blended 

cement products, relatively little attention has been paid to the effect of SSA on 

cement hydration. The effect on early hydration of cement needs to be evaluated 

when part of cement is substituted by SCM. Simple studies using pure SSA and 
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blended with cement pastes may help explain better some of the results observed. 

Published literature mentioned that mortars of comparable strength could be 

produced using a small amount of SSA to replace cement. However, information on 

how SSA affected the properties of cement mortars was limited given the pozzolanic 

activities of most SSA being modest. Other factors can also affect strength 

development in mortars, including porosity, which will vary due to changes in w/c 

ratio caused by the presence of SCM. Additionally, very few studies have been 

performed to assess the effects of SSA on the volume stability of mortars due to 

drying shrinkage and the associated mechanisms. It is hoped that this study will 

provide more information on using SSA for partial replacement of cement for 

producing cement mortars with emphasis on filling the above knowledge gaps. 

 

This study aimed to identify the mechanisms behind some beneficial effects of the 

SSA on the strength developments of mortars through a comparison study with FSSA 

and PFA. The physical and chemical properties of these materials and their influences 

on the mechanical performance and volume stability of cement pastes and mortars 

were studied. Tests were conducted to examine such properties and performance 

including heat of cement hydration, pozzolanic activity, workability, flexural and 

compressive strength, pore structure, qualitative and semi-quantitative phase 

composition, morphology and drying shrinkage. The results of these tests are given 

below. 
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4.2 Isothermal Calorimetry 

 

It can be seen from Fig. 4.1a that there was no heat release from the paste containing 

only PFA, SSA or FSSA except in the initial 1-2 minutes of wetting, indicating that 

these materials did not undergo any hydration reactions. For SSA, one previous study 

using XRD analysis (Cyr et al., 2007) found that there were no phase changes except 

for the dissolution of gypsum in the pure SSA paste cast for several weeks and 

concluded that the SSA had no hydration activity itself. For PFA, it is believed to be 

non-hydraulic at the early stages (Maltais and Marchand, 1997; Langan et al., 2002). 

 

Fig. 4.1b-d show the hydration heat liberation rates per gram of cement of the pastes 

with PFA, SSA or FSSA added to replace OPC. It can be seen that FSSA at all 

replacing levels achieved the highest peak heat liberation rate followed by SSA and 

then PFA. The peak rates of the pastes containing SSA or FSSA were higher than that 

of the cement only control mix. Higher SSA or FSSA content resulted in greater peak 

heat liberation rates. One previous study also found an increase of the peak heat 

evolution rate of cement hydration by replacing 25% and 50% of cement with SSA 

(Cyr et al., 2007), but the mechanisms were not further studied. On the other hand, 

PFA, of low or high content did not affect the peak heat evolution rate expressed as 

thermal power per gram of cement. It should be noticed that if the rate were expressed 
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in grams of binder, it would be lower than that of neat cement paste, and the more 

incorporated PFA, the lower the heat liberation rate. 
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(b) 
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(d)  

 

Fig. 4.1. Heat liberation rate of pastes in mW per gram of cement 

 

When a certain amount of cement is replaced by other materials, less quantity of 

cement is present in the same amount of water implying less hydrated cement and 

less heat evolved (Lawrence et al., 2003; Cyr et al., 2007). This is a natural dilution 

effect. The enhancement effects of SSA and FSSA in the mix should most likely 

come from the porous nature of SSA and FSSA particles which entrap a significant 

amount of water in the pores, leading to a higher concentration of cement particles 

in water. Dhir et al. (2017) reported that the average absorption value of SSA is 18%. 

The water reduction effect generated from SSA or FSSA exceeds the cement dilution 

effect, resulting in a lower effective w/c ratio. According to the study of Hu et. al 
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(2014), a lower w/c ratio would lead to a higher rate of heat liberation in the cement 

hydration process. Furthermore, since FSSA is finer than SSA, it provides more 

nucleation sites for hydration product precipitation and thus speeds up cement 

hydration. The nucleation effect on cement hydration induced by very fine powder 

substitutes is due to the interfacial energy between two solids being smaller than that 

between a solid and a solution, and as such, finer particles with larger surface areas 

provide more nucleating sites and allow more hydraulic reaction to proceed (Stumm, 

1992). Apparently, PFA has coarser particle sizes and smaller specific surface areas 

compared to FSSA, thus producing a smaller nucleation effect than FSSA. Besides, 

the narrow particle size distribution of PFA makes it less effective in dispersing 

cement particles. Therefore, during the early period, PFA has little effect on the 

hydration rate of cement as revealed by the rate of heat evolution. 

 

4.3 Workability of Mortar with the same W/B Ratio 

    

Fig. 4.2 gives the FTS results. A decrease in workability can be seen in the mortar 

containing SSA or FSSA. This result is reasonable due to the porous nature of SSA 

and FSSA which makes them hydroscopic. Increasing the content of SSA or FSSA 

naturally leads to a decrease in workability. It is interesting to note that although 

FSSA has a larger surface area compared to the original SSA, the former has a lesser 

effect on workability. This may be due to the effect of grinding which makes the ash 
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particles smoother and less porous, thus improving workability (Chen et al., 2013). 

The increase in workability of cement mortar containing PFA is due to the ball-

bearing effect of PFA (Haleem et al., 2016; Zheng et al., 2016). 

 

 

Fig. 4.2. Flow table values (workability) of mortars with the same w/b ratio 

 

4.4 Pozzolanic Activities of PFA, SSA and FSSA 

    

The pozzolanic activities of PFA, SSA and FSSA assessed by the Frattini test are 

presented in Fig. 4.3. The [Ca2+] is expressed as equivalent [CaO]. According to EN 

196-5 (2005), a material is regarded as pozzolanic when the test result lies beneath 

the lime saturation isotherm at 40oC. A result lying on or above the lime saturation 
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isotherm indicates no pozzolanic reaction. It is clear from Fig. 4.3 that all test results 

for PFA, SSA and FSSA lie below the lime saturation isotherm, indicating that PFA, 

SSA and FSSA are pozzolans under the Frattini standard. The degree of pozzolanic 

activity can also be assessed by checking the degree of reduction of the [CaO]. A 

higher pozzolanic activity was revealed in the PFA from the higher lime removal rate 

of 60.2%. As the FSSA consumed more lime than SSA did during the test, it reflects 

some positive effects of grinding on the pozzolanic activity of SSA.  
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Fig. 4.3. Pozzolanic activities of PFA, SSA and FSSA assessed by the Frattini test 

 

The results of the SAI tests are given in Fig. 4.4. According to the results, the PFA 

can be regarded as a good pozzolan but not the SSA and FSSA using 75% as the 
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nature of the SSA. Donatello et al. (2010) expressed the same view and remarked 

that the pozzolanic activity of a highly water absorbing material might be 

underestimated using the SAI test. Noting from Fig. 4.4 that the indices of the SSA 

and FSSA increased with time and considering the results from the Frattini test, it 

can be concluded that the SSA and FSSA did possess moderate pozzolanic activities. 

The degree of pozzolanic activity of the PFA, SSA and FSSA correlated with the 

contents of reactive amorphous phases in the materials. Relatively, being finer in size, 

the FSSA was a better pozzolan than the SSA (Kiattikomol et al., 2001; Shannag and 

Yeginobali, 1995; Shi and Zheng, 2007). 
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Fig. 4.4. SAI test on PFA, SSA and FSSA 
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4.5 Flexural and Compressive Strength Development 

 

The results of compressive and flexural strength tests are presented in Fig. 4.5. The 

influence of PFA, SSA or FSSA on the flexural strength of cement mortar was found 

to be similar to that on compressive strength. It can be noticed from these results that 

the compressive strength of the mortar containing PFA dropped noticeably at the 

early curing ages due to the cement dilution effect but gradually picked up after a 

longer curing time due to the stronger pozzolanic reaction between the reactive silica 

and alumina in the PFA and calcium hydroxide generated from cement hydration 

producing additional calcium silicate and aluminum silicate hydrates. The strength 

values of the mortars containing SSA or FSSA at replacement levels of up to 10% 

were comparable to those of the control mortar taking account of the measurement 

variability. The strength values marginally decreased when 20% SSA or FSSA was 

used in the binder. Although SSA or FSSA has lower pozzolanic activity compared 

to PFA, they are not inferior in regard to strength development. When OPC was 

replaced at up to 20%, the flexural strength of PFA, SSA, FSSA cement mortars 

reached 8.08 MPa, 8.21 MPa and 8.47 MPa respectively while the compressive 

strength reached 45.81 MPa, 46.74 MPa and 46.85 MPa respectively at 90 days. This 

encouraging phenomenon of strength development of SSA and FSSA cement mortars 

may be due to the following reasons. First, the initial absorption of water into the 
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pores of SSA and FSSA particles reduces the effective w/b ratio which 

counterbalances the dilution effect. Second, the release of water gradually from the 

pores at a later time allows hydration of the remaining cement (see analysis of the 

MIP test). Besides, the modest pozzolanic activities of SSA and FSSA provide 

additional strength. The angular shape of unreacted SSA and FSSA particles also 

enhances the interlocking among molecules and grains, thus contributing to the 

overall strength. This beneficial effect was also reported in trials of soil stabilization 

using SSA which enhanced the shear strength of the soil (Lin et al., 2007; Chen and 

Lin, 2009). Furthermore, XRD analysis for identifying the crystalline phase can 

provide additional information to explain the strength developments of SSA and 

FSSA cement mortars. It is also noted that finer SSA gave higher compressive and 

flexural strength values at all curing ages.  
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(a)      

(b) 

Fig. 4.5. Compressive (a) and flexural (b) strength of mortars 

containing different amounts of PFA, SSA and FSSA in the binder 
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4.6 MIP Tests 

 

The results of the MIP analyses of the paste specimens cured for 28 days are shown 

in Fig. 4.6 and Fig. 4.7. Fig. 4.6a and Fig. 4.6b indicate that with the incorporation 

of up to 10% SSA or FSSA in the binder, the pore structures of the paste specimens 

exhibited little change in comparison to the control. As SSA and FSSA are 

themselves porous materials, this result could imply that the pores of SSA and FSSA 

particles might be partially or totally filled by the hydration products (Kaufmann et 

al., 2009; Zhou et al., 2010). In addition, the water inside or expulsed from the pores 

allows further hydration of the cement particles around it. The pore structures of SSA 

or FSSA blended cement paste varied with replacement level. Increasing the content 

of SSA or FSSA to 20% led to a shift of the distribution curve to the right, i.e., an 

increase in pore size. According to these findings, it can be concluded that blending 

with 10% or less SSA or FSSA balances the effects of the high porosity of SSA or 

FSSA in the cement paste with improved hydration of cement using the water 

absorbed into the pores, resulting in a similar compactness of cement paste. The MIP 

results are consistent with the strength results and further substantiate the beneficial 

effect of SSA and FSSA on strength development despite their weak pozzolanic 

activity. 
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The cumulative intrusion curves for the pastes prepared with 10% and 20% PFA, 

SSA or FSSA are shown in Fig. 4.6c and Fig. 4.6d respectively. The pastes containing 

PFA had larger pore size distributions compared with those containing SSA and 

FSSA at the same replacement levels. Furthermore, the FSSA cement pastes had 

smaller pore size distributions than those of the SSA cement pastes. 
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(b) 

 

(c) 

 

1E-3 0.01 0.1 1 10 100 1000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

C
um

ul
at

iv
e 

in
tr

us
io

n 
(m

L
/g

)

Pore size diameter (m)

 Control
 5FSSA
 10FSSA
 20FSSA

1E-3 0.01 0.1 1 10 100 1000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

C
um

ul
at

iv
e 

in
tr

us
io

n 
(m

L
/g

)

Pore size diameter (m)

 Control
 10PFA
 10SSA
 10FSSA



106 
 

(d) 

 

Fig. 4.6. Pore size distributions of pastes containing different amounts of PFA, SSA 

and FSSA 
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properties but have a critical influence on the drying shrinkage of mortar (Collins 

and Sanjayan, 2000; Jiang et al., 2005; Vaitkevičius et al., 2014; Zhang et al., 2015). 
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(c) 

 

(d) 

Fig. 4.7. Log differential intrusion of pastes containing different amounts of PFA, 

SSA and FSSA 
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4.7 XRD Analysis 

     

XRD analysis was used to detect changes in the crystalline phases of cement pastes 

incorporating PFA, SSA or FSSA. At curing ages of 6 hours, 12 hours, 1 day and 2 

days, cement pastes blended with PFA, SSA or FSSA exhibited similar phases to pure 

hydrated cement. The major components in the pastes were Ca(OH)2, AFt, C3S and 

C2S. The peak positions and ICDD PDF card numbers corresponding to these 

components are given in Table 4.1. The quality of all the diffraction data are marked 

as “Star Patterns”.  

 

Table 4.1 XRD peaks of crystalline components in hydrated pastes at early ages 

 

Component d-spacing (angstrom) 2-theta angle (degree) PDF # 

Ca(OH)2 2.627, 4.906, 1.926, 1.796, 3.111 34.10, 18.07, 47.14, 50.80, 28.68 01-076-0571 

AFt 3.881, 9.721, 5.614 22.90, 9.09, 15.77 00-037-1476 

C3S 2.781, 2.756, 1.765 32.13, 32.46, 51.75 00-049-0442 

C2S 2.731, 3.013, 2.752 32.77, 29.63, 32.51 01-086-0397 

 

Fig. 4.8 shows that a new crystalline compound CaHPO4∙2H2O, brushite (ICDD PDF 

card number 01-075-4370) weakly appeared after 28 days of curing and became 
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distinct after 90 days of curing in the cement pastes with incorporation of SSA or 

FSSA. However, no such phase was detected in the control and the PFA cement 

pastes. A previous study also found the formation of an amorphous or poorly 

crystalline hydroxyapatite Ca5(PO4)3OH in cement paste containing SSA (Dyer et al., 

2011). Hydroxyapatite, which is considered to be a derivative of brushite (Neuman 

et al., 1962; Pak et al., 1971), found in that study was likely to be generated from the 

reaction between amorphous iron phosphate in SSA and calcium hydroxide produced 

from cement hydration. The average weight percentages of Fe2O3 and P2O5 in the 

raw materials (SSA) were 9.6% and 14.0% respectively. Brushite has been widely 

used as a biochemical material for the production of calcium phosphate cement. 

Because of its cementing ability, it is used as coating materials, dental cement and 

bone adhesives (Theiss et al., 2005; Ajaxon et al., 2015; Blanda et al., 2016; Sopcak 

et al., 2016). Brushite may therefore contribute to the development of strength in the 

late age of SSA or FSSA blended mortar. 
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Fig. 4.8. XRD spectra of pastes at late ages 

 

4.8 SEM and EDX Analyses 

 

Fig. 4.9 shows SEM images together with EDX results obtained from cement paste 

with 20% SSA after 90 days of curing. The SEM images show the formation of plate-

like crystals in the hydrates, which match the micrographs of brushite crystals 

reported in the literature (Han et al., 2007; Gashti et al., 2013; Bakhsheshi-Rad et al., 
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2014). According to the corresponding EDX spectra, the elements detected were 

mainly Ca, O and P. The molar ratios of Ca to P (Ca/P) calculated from the weight 

percentages obtained from the EDX semi-quantitative chemical analyses ranged 

from 0.87 to 1.41. This is in agreement with the theoretical Ca/P ratio of brushite 

(1.00) (Miller et al., 2012; Parvinzadeh Gashti et al., 2013).  
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Fig. 4.9. Representative SEM images and corresponding EDX spectra of plate-like 

crystals 
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4.9 Drying Shrinkage 

 

The results of the drying shrinkage tests for different mortar mixes up to 112 days 

are shown in Fig. 4.10. It can be seen from Fig. 4.10a-b that with the inclusion of 

SSA or FSSA, the drying shrinkage of mortar increased when compared to the 

control mortar. Sasaoka et al. (2006) also reported that the drying shrinkage of 

concrete containing 10% SSA in the binder was higher than that of the control. The 

increase in drying shrinkage may be related to the increase in free water content in 

the mortar (Pittman and Ragan, 1998; Zhang et al., 2013; Farzadnia et al., 2015). 

Water absorbed by the pores of SSA or FSSA particles creates additional free water 

in addition to the water in the cement paste. Upon drying, the free water in the pores 

of SSA and FSSA particles might evaporate before being consumed by the cement 

hydration. The deleterious effect of FSSA on drying shrinkage was greater than that 

of SSA due to the larger surface area and smaller pore size of FSSA. Furthermore, 

the larger amounts of mesopores in FSSA cement mortar also cause a greater degree 

of drying shrinkage.  

 

PFA mortar exhibited the lowest shrinkage value which was even smaller than that 

of the neat cement mortar (Fig. 4.10c-d). The shrinkage reduction effect was more 

apparent with a higher content of PFA and at later ages. This phenomenon can be 

explained mainly by the pozzolanic activity of PFA. The stronger structure of the 
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mortar as a result of the pozzolanic reaction could resist higher shrinkage stress 

caused by water evaporation. Many previous studies have reported the positive effect 

of the pozzolanic reaction on drying shrinkage (Chindaprasirt et al., 2004; Güneyisi 

et al., 2008; Itim et al., 2011; Nunes et al., 2016). Moreover, smaller amounts of 

mesopores in PFA mortar also effectively reduce shrinkage.   

    

The drying shrinkage of mortars containing 20% SSA, FSSA and PFA was 0.0909%, 

0.1011% and 0.0652% of the initial length respectively at the end of 56 days. The 

length changes of mortar incorporating SSA or FSSA did not meet the requirement 

of BS ISO 1920-8 (2009) which specifies a drying shrinkage limit of 0.075% at 56 

days. 
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(b) 
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(d) 

 

Fig. 4.10. Drying shrinkage values of mortars containing 

different amounts of PFA, SSA and FSSA in the binder 

 

4.10 Summary 

 

In this chapter, the mechanical and durability properties of cement pastes and mortars 

containing the SSA of two different size ranges were evaluated and compared to 
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(2) The specific gravity of the SSA was smaller than that of OPC. The particle sizes 

of the SSA were slightly larger than those of OPC but both were at the micron scale. 

(3) The SSA particles were irregular in shape, rough on surface and contained many 

isolated and open pores making the SSA hydrophilic. More water was required to 

achieve similar workability of cement mortar as content of the SSA increased in the 

binder. 

(4) Both the SSA and PFA contained crystalline minerals of quartz, hematite and 

magnetite. The contents of non-crystalline (amorphous and semi-crystalline) phases 

in the SSA and PFA were 53.11% and 82.97% respectively which correlated well 

with the relative pozzolanic activity of the SSA and PFA. 

(5) SSA met the criterion under the Frattini standard to be a pozzolan. 

(6) The specific gravity, fineness and specific surface area of the SSA increased with 

the grinding time. The pozzolanic activity of the SSA increased after grinding. 

However, finer SSA led to larger drying shrinkage. 

(7) SSA did not undergo hydration itself, but the presence of SSA could promote the 

early stage hydration of cement. The peak heat liberation rate, expressed as thermal 

power per gram of cement, of the cement paste containing SSA was higher than that 

of the neat cement paste. Higher SSA content resulted in greater peak heat liberation 

rate. 

(8) XRD analysis revealed the production of a new crystalline compound 

CaHPO4·2H2O, brushite, slowly and becoming distinct after 90 days of curing in the 
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cement pastes containing the SSA. SEM together with EDX analysis also found the 

formation of plate-like brushite crystals in the cement pastes. 

(9) The compressive and flexural strength of mortars containing SSA were 

comparable to those containing PFA at the same cement replacement level of up to 

20% despite the lower pozzolanic activity of the SSA compared to PFA. 

(10) The pore structures of the cement pastes with the incorporation of up to 10% 

SSA in the binder exhibited little change in comparison with the neat cement paste 

although the SSA was itself a porous material. The pores of the SSA particles might 

be partially or totally filled by the hydration products. 

(11) The amounts of mesopores in the cement pastes with less than 0.025 m 

increased with the replacement level of OPC by the SSA. The amounts of mesopores 

were apparently greater with the incorporation of the fine SSA. The drying shrinkage 

of cement mortars increased with the mesopore content. 
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CHAPTER 5 – COMBINED USE OF SSA AND RECYCLED GC 

FOR THE PRODUCTION OF CONCRETE BLOCKS 

 

5.1 Introduction 

 

Concrete paving blocks are widely used in many parts of the world because of their 

flexibility in construction and low maintenance costs. New generations of the blocks 

have already incorporated some types of wastes for achieving waste recycling. SSA 

could be used to partially replace cement for construction. One disadvantage of using 

SSA in cement mortar or concrete is the reduction in workability due to the porous 

nature of the SSA particles. Although the reduction in workability can be 

compensated by adding superplasticizers, this incurs additional costs. The 

application of SSA in making precast concrete blocks may be more suitable for the 

recycling of the waste because only a small quantity of water is needed to give a dry 

but cohesive mix suitable for the production of concrete blocks by the compression 

method. However, little effort has been devoted to the research of using SSA as a 

cement substitute in the production of precast concrete blocks. Besides, previous 

studies did not assess the durability performance of the blocks such as drying 

shrinkage and alkali-silica expansion if reactive aggregates were used. Furthermore, 

data on leachability of metal(loid)s from concrete blocks containing SSA was also 

absent. 
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Aggregates are major constituents in making concrete blocks. Normally, NA such as 

river sand and crushed stones are used. In Hong Kong, it has been demonstrated that 

concrete blocks made with C&D and GC aggregates comply with local standards for 

civil engineering works and are being commercialized. This study aimed to evaluate 

the effects brought from the combined use of SSA as a cement replacement and 

recycled C&D aggregates or GC as a partial substitution of NA in concrete blocks. 

The evaluation was more meaningful when some complementary effects among 

wastes were demonstrated. 

 

For these purposes, this study investigated the properties of concrete blocks using 

SSA as a cement replacement together with recycled C&D aggregates or GC as a 

partial substitution of NA for producing concrete blocks by the dry-mixed (zero 

slump) compression method. No research in published literature has been conducted 

on the complementary effects from the utilization of SSA as a cement substitute and 

some recycled materials as aggregates in producing concrete blocks. Assessments of 

technical benefits and leaching risks were made with a view to encouraging recycling 

of waste materials and enhancing conservation of natural resources. A series of tests 

were conducted to determine the properties of the blocks with different constituents 

of waste materials. The control mix was made with OPC and NA. Recycled 

aggregates derived from C&D waste and crushed beverage GC were incorporated 
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separately for replacing NA. SSA was used to partially replace cement as a binder. 

FSSA obtained from grinding SSA and PFA were also used at the same replacement 

levels for comparison of performance. Tests were carried out to assess the pozzolanic 

activities of PFA, SSA and FSSA. The density, water absorption, compressive 

strength and drying shrinkage of the blocks were also tested. As glass contains a high 

level of reactive silica, the potential ASR in the blocks was also examined. The total 

and leachable metal(loid) contents in SSA and the blocks were also determined. 

Laboratory test results are discussed in the following sections. 

 

5.2 Concrete Blocks Made with Recycled C&D Aggregates and Binder 

Containing 20% of SSA 

 

For assessing the effects of recycled C&D aggregates on properties of the concrete 

blocks, the composition of the binder was fixed at 80% OPC and 20% SSA. The 

results of compressive strength of concrete blocks incorporating different amounts 

of recycled aggregates are presented in Fig. 5.1a. It can be observed that the 

specimens made with 100% NA gave the highest compressive strength. The strength 

decreased by 11.8% and 21.6% as the amount of recycled aggregates increased to 20% 

and 50% respectively.   
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The values of drying shrinkage of block specimens made with different amounts of 

recycled aggregates are shown in Fig. 5.1b. It can be seen that the drying shrinkage 

of all the specimens increased with time due to loss of free water. The drying 

shrinkage also increased significantly with the increasing content of recycled 

aggregates. This can be explained by the high water absorption value of the recycled 

aggregates which led to great volume change in the drying condition. 
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(b) 

 

Fig. 5.1. Effects of using C&D aggregates on compressive strength and drying 

shrinkage of blocks with 20% SSA in binder 
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on different constituents in the blocks. Fig. 5.2 shows the changes of w/b ratio in 

different mixtures containing GC. It can be seen that at higher GC contents, less water 

was required. This is due to the much lower water absorption value and the smooth 

surface of the GC. 
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Fig. 5.2. W/B ratios for producing blocks with different contents of GC and 

different binder compositions 

 

Disregarding the effects from aggregates, less water was required in blending the 

FSSA in the binder than the SSA of the same content to achieve the same consistency 

because after grinding SSA particles became smoother and less porous (Chen et al., 

2013). The least amount of water was required in the case of PFA due to the ball-

bearing effect of the PFA particles (Haleem et al., 2016; Zheng et al., 2016). The 

higher water requirements of SSA and FSSA blocks compared to PFA blocks were 

due to the porous characteristic of the SSA and FSSA particles which took up more 

water. 

0.324
0.285

0.394
0.342

0.312
0.275

0.381
0.333

0.298
0.262

0.363

0.315

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

W
at

er
/b

in
de

r 
ra

ti
o

 

 Pure OPC  20% PFA  20% SSA  20% FSSA

50% GC20% GC
(100% NA)

0% GC  



127 
 

 

5.3.2 Hardened Density  

 

Fig. 5.3 shows the hardened densities of different concrete blocks. The results show 

that the density decreased with the incorporation of more GC to replace the NA. This 

is due to the density of GC is lower than that of the NA.  
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Fig. 5.3. Hardened densities of blocks with different contents of GC and different 

binder compositions 

 

In terms of the binder, the densities of the blocks did not change too much with the 

incorporation of more PFA, SSA or FSSA to replace cement considering variabilities 

in experimental results. The order of block densities, ranked from high to low is 

FSSA blocks followed by the PFA blocks and then the SSA blocks. This order 

matches with the order of their specific gravity from high to low and also their 

fineness. It is believed that finer particles may fill more voids within the mixes 

leading to slightly higher density of the blocks.  
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The compressive strength of the different block specimens after curing for 28 days 

are presented in Fig. 5.4. It can be observed that the compressive strength decreased 

with the incorporation of more GC to replace the NA. However, it was evident that 

GC performed better than the recycled aggregates in contributing to compressive 

strength (Fig. 5.1). With the binder containing 20% SSA, the compressive strength 

of the blocks made with 20% and 50% GC only reduced by 6.4% and 13.0% 

respectively, whereas reductions of 11.8% and 21.6% occurred using 20% and 50% 

recycled aggregates in the blocks. The irregular shape of the GC might reduce the 

compactness of the blocks and their compressive strength (Park et al., 2004). Besides, 

the weaker bond between the GC and cement paste might also cause further decrease 

in the compressive strength (Topçu and Canbaz, 2004). However, the blocks prepared 

with GC showed higher compressive strength than similar blocks prepared with C&D 

aggregates. This phenomenon might be due to the higher individual particle strength 

of GC compared to C&D aggregates (Arulrajah et al., 2014). 
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Fig. 5.4. 28-day compressive strength of blocks with different contents of GC and 

different binder compositions 

0

5

10

15

20

25

30

35

40

45

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

P
a)

 Pure OPC  10% PFA  10% SSA  10% FSSA

50% GC20% GC
(100% NA)

0% GC  

0

5

10

15

20

25

30

35

40

45

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

P
a)

 Pure OPC  20% PFA  20% SSA  20% FSSA

50% GC20% GC
(100% NA)

0% GC  



131 
 

 

Excluding the effects of aggregates, 10% replacement of OPC with SSA or FSSA 

caused little effect on the strength of the blocks. However, increasing the content of 

SSA or FSSA in the binder to 20% resulted in some reduction in the strength. 

Nevertheless, at the replacement level of 20%, the SSA concrete blocks could still 

achieve 28-day compressive strength of 34.6 MPa, 32.4 MPa and 30.1 MPa with 

using 0% GC (100% NA), 20% GC and 50% GC as aggregates respectively. The 

strength would further increase by up to 12% after two more months of curing due 

to slow pozzolanic activity of the SSA (results not shown here). Higher compressive 

strength could be achieved in the PFA blocks at the same cement replacement levels 

due to its higher pozzolanic activity. Slightly higher strengths could be achieved by 

using the FSSA than SSA due to the better pozzolanic activity. The strength 

development therefore depended mainly on the pozzolanic activities of PFA, SSA 

and FSSA. 

 

5.3.4 Water Absorption  

 

Fig. 5.5 shows the water absorption values of the block specimens. It can be seen that 

the water absorption reduced with increasing content of GC in the blocks. This 

benefit obviously came from the non-hydrophilic nature of the GC. 
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Fig. 5.5. Water absorption of blocks with different contents of GC and different 

binder compositions 
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With the same composition of aggregates, the blocks produced with 20% of PFA, 

SSA or FSSA blended in the binder all showed higher water absorption compared 

with blocks made with the pure cement binder. The highest being the SSA blocks, 

followed by the FSSA and the PFA blocks. This phenomenon correlated with the 

strength development of these blocks which reflected the degree of porosity and 

water absorptivity (Farhana et al., 2015; Prahara, 2014). As discussed earlier, the PFA 

blocks exhibited the highest strength, followed by the FSSA and the SSA blocks.  

 

5.3.5 Drying Shrinkage 

 

The results of the drying shrinkage tests of the block specimens containing GC are 

shown in Fig. 5.6. As the GC did not absorb water and the zero absorption 

characteristic restricted water migration, the shrinkage value reduced with increasing 

amount of GC in the blocks. 
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(c) 
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(e) 

 

Fig. 5.6. Drying shrinkage of blocks with different contents of GC (a) and different 

binder compositions (b)-(e) 

 

On the other hand, the blending of SSA or FSSA in the binder increased the drying 

shrinkage. This occurred because the SSA and FSSA are porous and absorbed more 

water during casting which led to subsequent higher shrinkage. The problem was 

worse with FSSA due to its finer particle size and larger surface area making it easier 

for water to dry out. But this problem could be alleviated through the combined use 

of GC in the aggregates because GC could reduce the drying shrinkage.  

 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07
Aggregates: 50% NA + 50% GC

D
ry

in
g 

sh
ri

nk
ag

e 
(%

)

Time (days)

 Pure OPC
 20% PFA
 20% SSA
 20% FSSA



137 
 

5.3.6 ASR 

 

The potential ASR problem of the blocks containing GC was examined on blocks 

made with 100% GC as aggregates. The average expansion results are shown in Fig. 

5.7. The expansion of the control specimen without the use of PFA, SSA or FSSA 

was found to be higher than the deleterious limit of 0.1% at 14 days set by ASTM 

C1567 (2013). However, the ASR expansion decreased with increasing contents of 

PFA, SSA or FSSA in the binder. The expansion was reduced to below the deleterious 

limit when the content of SSA or FSSA was increased to 20%. The results show that 

the SSA and FSSA were very effective in reducing ASR expansion caused by the GC. 

It is believed that the mechanism was similar to those of other pozzolans suppressing 

ASR expansion (Idir et al., 2010; Taha and Nounu, 2008; Venkatanarayanan and 

Rangaraju, 2013). It is therefore feasible to produce concrete blocks with high 

contents of GC as aggregates with appropriate amounts of SSA to control ASR. 
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(c) 

 

(d) 

   

Fig. 5.7. Alkali-silica expansion from GC with different binder compositions 

0 2 4 6 8 10 12 14
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

E
xp

an
si

on
 (

%
)

Time (days)

 Pure OPC
 10% FSSA
 20% FSSA

0 2 4 6 8 10 12 14
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

E
xp

an
si

on
 (

%
)

Time (days)

 Pure OPC
 20% PFA
 20% SSA
 20% FSSA



140 
 

 

5.4 Leaching of Metal(loid)s from Blocks 

  

The test results shown in Table 5.1 reveal that leaching of metal(loid)s from the ash-

containing blocks were well below the specified limits, indicating that the SSA can 

be safely used as a substitution of OPC at 20%. It is noted that the leaching of some 

metal(loid) concentrations were higher from the blocks than the SSA alone. This may 

be due to the amphoteric behavior of some metal(loid)s and the metal(loid)s were 

present in the GC (Komonweeraket et al., 2015; Li and Poon, 2017). Nonetheless, all 

the leachate concentrations were below the stipulated TCLP limits.  

 

Table 5.1 Leachable metal(loid) concentrations from blocks with 20% FSSA in 

binder and GC as aggregates 

 

Element Leachate 

(mg/L) 

Element Leachate 

(mg/L) 

Element Leachate 

(mg/L) 

Sb 0.005 As < DL Ba 0.2985 

Cd < DL Cr 0.0815 Cu < DL 

Pb 0.068 Ni 0.022 Co 0.003 

Se 0.0425 Sr 2.5695 Ag < DL 

Zn < DL     
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5.5 Factory trial production of blocks 

 

Trials on factory production of the concrete blocks were conducted at TIOSTONE 

Holdings Ltd. in Hong Kong after the laboratory studies. Based on the experimental 

results and existing guidance RD/GN/044A (2017) which recommends GC in paving 

blocks constitute only 20 to 25% by weight of the total aggregates, SSA was used to 

replace 10% of OPC and GC was used to replace 25% of NA. The materials were 

mixed in a drum mixer (Fig. 5.8). The blocks were moulded with an automatic block-

making machine, under both vibration and compressive force of 80 psi for 12 seconds. 

The shape of the 60 mm thick concrete blocks is shown in Fig. 5.8. The blocks were 

then cured in air and the compressive strength were tested at the ages of 7, 28 and 60 

days. 

 

 

(a) Block-making machine 
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(b) Produced blocks 

Fig. 5.8. Photos of factory production of blocks 

 

Table 5.2 shows the compressive strength of concrete blocks with or 

without the incorporation of SSA at different ages. The compressive 

strength of the blocks satisfies the requirements for paving units on public 

footways and cycle tracks specified by Highways Department in Hong 

Kong (RD/GN/044A, 2017).  

 

Table 5.2 Compressive strength of concrete blocks produced in 

factory 

 7 days 28 days 60 days 

Control 62.2 65.3 71.4 

SSA block 46.3 55.4 62 
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Agreement has been made with an organization to lay the SSA blocks on 

about 300 sq meters of open ground. Blocks have been produced and the 

performance of the blocks on site will be monitored. 

 

5.6 Summary 

 

The experimental work produced the following results: 

(1) Higher SSA content in the binder demanded more water to achieve similar 

consistency in the wet mixes due to the hydrophilic nature of the SSA.  

(2) The SSA did not satisfy the reference criterion of a good pozzolan according to 

the SAI test. However, the index of the SSA increased with time. A combination of 

both results of Frattini and SAI tests, the SSA was considered to possess moderate 

pozzolanic activity. 

(3) The blending of up to 20% SSA or FSSA in the binder increased the water 

absorption values of the concrete blocks but the effects on hardened densities were 

not obvious. 

(4) With no more than 20% of the SSA in the binder and with 50% of NA replaced 

by GC, the 28-day compressive strength of concrete blocks could exceed 30 MPa.  

(5) The use of recycled GC as aggregates generated the lowest drying shrinkage, 

followed by NA, and the recycled C&D aggregates generated the highest drying 

shrinkage. 
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(6) The drying shrinkage of concrete blocks increased with the SSA content, which 

limited the use of the SSA in concrete block production. Using recycled GC as fine 

aggregates together with SSA in concrete blocks production may reduce the drying 

shrinkage due to the impermeable nature of recycled GC. 

(7) The SSA was very effective in reducing ASR expansion caused by the recycled 

GC aggregates. Around 20% of the SSA in the binder could assure the control of 

ASR expansion if all aggregates were recycled GC.  

(8) The SSA contained some harmful metal(loid) elements, but the leachate amounts 

were very small and well below the specified US EPA limits for hazardous waste 

identification. Therefore, the SSA could be considered as a nonhazardous waste. 

Furthermore, blending the SSA in concrete blocks could effectively immobilize the 

metal(loid)s making the blocks totally safe to humans and the environment. 

(9) It is feasible to produce concrete blocks with a high content of recycled GC as 

aggregates and the SSA as a SCM in view of their complimentary effects. The 

optimal content of the SSA in the binder was 20% for producing concrete blocks with 

satisfactory strength and low ASR risk. 

(10) In the trial study, the compressive strength of concrete blocks met the 

requirement for paving units in footways and cycle tracks and further long-term 

properties are being monitored. 
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CHAPTER 6 – COMPRESSIVE STRENGTH AND 

MICROSTRUCTURAL PROPERTIES OF DRY-MIXED 

GEOPOLYMER PASTES SYNTHESIZED FROM GGBS AND SSA 

 

6.1 Introduction 

 

Geopolymers are promising materials to replace cement as alternative binder 

materials in construction works. The synthetization of geopolymers is an 

environmental-friendly process in which three-dimensional aluminosilicate materials 

are synthesized. SSA is rich in SiO2, Al2O3 and CaO, which are the most active 

compounds for geopolymerization. It is a potential source material of geopolymer. 

The use of GGBS to produce geopolymers has been successful but knowledge on 

geopolymerization of SSA or its effects on other geopolymers remain limited. This 

study aimed at examining geopolymerization of mixtures of GGBS and SSA in equal 

weight further with binary alkaline activators, namely, NaOH and Na2SiO3. Focus 

was made on the effects of weight percentage of alkali to the mixed solids, i.e., Na2O 

content, and molar ratio of SiO2 to Na2O in the mixed alkaline activator, i.e. modulus, 

on the compressive strength of geopolymer pastes, and the microstructural 

characteristics of the geopolymer pastes. The dry-mixed compression method was 

applied to prepare specimens to overcome molding problem due to the poor 

workability of the mixtures. Compressive strength of the hardened geopolymer 
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pastes were tested and their microstructure and composition were analyzed by XRD, 

QXRD, FTIR, SEM and EDX. Since long term shrinkage is a major durability 

concern and drying shrinkage generally accounts for most of the overall long-term 

shrinkage (Wallah and Hardjito, 2014), this study also provided preliminary results 

of drying shrinkage tests for reference in further durability study and supporting the 

practical value of recycling GGBS and SSA as dry-mixed geopolymers. As sewage 

sludge is a residue from wastewater treatment in which metal(loid)s accumulate and 

such metal(loid)s may remain in the ash after thermal treatment of sewage sludge, 

the leaching of metal(loid)s is also a concern in recycling SSA (Fang et al., 2016; Li 

and Poon, 2017; Li et al., 2017). Therefore, the leachability of metal(loid)s from the 

raw mixed solids and the geopolymer products were tested. Test results are provided 

in the following sections. 

 

6.2 Compressive Strength 

 

Fig. 6.1 shows the variation of compressive strength with different Na2O contents 

and moduli in the geopolymer pastes. Raising Na2O content could enhance the 

compressive strength of the geopolymer pastes until the percentage reached about 

4.0%. The increase in compressive strength was possibly due to the availability of 

more alkali to attack the precursors generating more dissolved species which 

enhanced geopolymerization of the pastes (Wang et al., 2005). However, the strength 
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dropped when the Na2O content was above 4.0%. This can be explained by early 

precipitation of some geopolymer gel due to elevated reaction blocking potential 

precipitation of more gel (Lee and Van Deventer, 2002). 

 

Similarly, the compressive strength increased initially with the modulus but dropped 

after an optimal value. Higher modulus means higher Si concentration which 

enhanced the reaction with calcium (Ca) to form C-S-H gel and aluminosilicate 

components to from T-O-Si (T = Si or Al) (Krizan and Zivanovic, 2002). However, 

the beneficial effect only appeared up to a certain level. Strength increased with the 

modulus up to about 0.95 and dropped thereafter. The drop may be due to too much 

Na2SiO3 hindering the release of air bubbles, evaporation of water, and formation of 

geopolymers by blocking the contact between the precursors and the alkaline solution 

(Cheng and Chiu, 2003). 

 

Therefore, at Na2O content of 4.0% and modulus of 0.95, an optimal condition was 

reached which was most favorable for strength development. A maximum strength 

of 32.81 MPa at 28 days of the pastes could be attained.  
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(a) 

(b) 

Fig. 6.1. Effects of Na2O content and modulus on the compressive strength of 

geopolymer pastes aged of (a) 7 days and (b) 28 days 
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6.3 XRD Analysis 

 

Fig. 6.2 shows the XRD patterns of GGBS and SSA. Very different from SSA, GGBS 

exhibited a broad amorphous hump with no distinct crystalline peaks.  

 

 

 

Fig. 6.2. XRD patterns of GGBS and SSA 

 

Fig. 6.3 shows the XRD patterns of the raw mixed solids and geopolymer pastes 

synthesized from different Na2O contents. Fig. 6.4 shows the XRD patterns of the 
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raw mixed solids and geopolymer pastes synthesized from different moduli. The 

pattern of the raw mixed solids was the combined patterns of GGBS and SSA. The 

crystalline peaks in the pattern were mainly associated with the SSA. The 

geopolymer pastes contained crystalline phases similar to those in the raw mixed 

solids. However, the XRD patterns exhibited sharp reduction in the intensities of 

crystalline peaks indicating the occurrence of geopolymerization reactions. The 

intensities associated with quartz were reduced. Hematite which existed in the raw 

mixed solids was not found. No new crystalline phase was discovered. The results of 

XRD tests indicated crystalline minerals in the SSA being integrated into the 

geopolymerization products. The intensities of peaks in the paste formed with Na2O 

content of 4.0% and modulus of 0.95 were the lowest indicating the greatest amount 

of geopolymer gels formed in this paste (see Fig. 6.3c and Fig. 6.4c). It is worth 

recalling that the highest strength was obtained from the same paste. At 28 days of 

age, except for gaining the greatest compressive strength in geopolymer pastes using 

Na2O content of 4.0% as shown in Fig. 6.1b, the crystallinity content in the specimen 

was the lowest as shown in Fig. 6.3 (XRD of pastes at 28 days). Similarly, the highest 

compressive strength was obtained at the modulus of 0.95 as shown in Fig. 6.1b and 

the degree of crystallinity in the specimen was the lowest as shown in Fig. 6.4 (XRD 

of pastes at 28 days). It should be pointed out that trace minerals are not always 

present in XRD, so the use of QXRD is required to provide complimentary 

information on the mineral quantity (Ruffell and Wiltshire, 2004; Wiskel et al., 2018). 
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Besides, broad diffuse scattering humps extending from 20o to 40o 2θ appeared in all 

the geopolymer pastes. These humps were reported as amorphous aluminosilicate 

gels and known as finger print area of geopolymerization (Yaseri et al., 2017). It was 

reported that the Ca-O bond was much weaker than the Si-O and Al-O bonds, more 

Ca dissolved in water and reacted with the Si to form C-S-H (Rajaokarivony-

Andriambololona et al., 1990). In the presence of Al, the C-S-H gel transformed C-

S-H → C-(A)-S-H → C-A-S-H (calcium aluminate silicate hydrate), and if Ca 

was present, it would likely be adsorbed preferentially and N-A-S-H (sodium 

aluminate silicate hydrate) would exist if there was insufficient Ca (Garcia-Lodeiro 

et al., 2011 and 2013). Therefore in the present study, the aluminosilicate gel formed 

was likely to be C-A-S-H or a combination of both C-A-S-H and N-A-S-H gels. 
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Fig. 6.3. XRD patterns of raw mixed solids and geopolymer pastes synthesized 

from different Na2O contents 
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Fig. 6.4. XRD patterns of raw mixed solids and geopolymer pastes synthesized 

from different moduli 

 

6.4 QXRD Analysis 

 

The results of QXRD analyses on the formation of non-crystalline phases, i.e., 

amorphous and semi-crystalline phases, are presented in Fig. 6.5. The overall 
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contents of the non-crystalline phases in the specimens before and after 

geopolymerization were both very high although there were changes in the 

compositions of the non-crystalline phases. Considering the margin of errors, very 

little changes in the quantities of albite, leucite and magnetite were noted before and 

after geopolymerization indicating that these minerals had not participated in the 

geopolymerization. Hematite and quartz contents decreased in the geopolymer pastes 

indicating changes from crystalline phases to amorphous or semi-crystalline phases 

with dissolution. Crystalline silica was found to be structurally deformed and 

partially dissolved by weak alkaline solutions but at a much slower rate compared 

with amorphous silica (Baltakys et al., 2007). The transformation of hematite crystal 

into amorphous or semi-crystalline phase indicated that iron (Fe) in the SSA may be 

involved in the geopolymerization. Specimens prepared with Na2O content of 4.0% 

and modulus of 0.95 contained the highest proportion of all non-crystalline phases. 

The QXRD analyses confirmed the findings in the XRD.  

 

Comparing the total contents of non-crystalline phases after geopolymerization with 

the compressive strength, it can be found that geopolymer paste synthesized from the 

optimal Na2O content of 4.0% and modulus of 0.95 in the alkaline activator contained 

the largest quantity of non-crystalline phases and gave the highest compressive 

strength. The increase in non-crystalline content seemed to be correlated with the 

increase in compressive strength. This relationship was also noted in the specimens 
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of GeoP-N3.5-M0.95 and GeoP-N4.5-M0.95. It can be seen from Fig. 6.5 (QXRD 

of pastes at 28 days) that these two specimens contained similar total amounts of 

non-crystalline phases and showed similar compressive strength as shown in Fig. 

6.1b. However, this relationship was not always valid as seen from results of other 

specimens. Previous studies indicated that only the amorphous reaction product 

(geopolymer gel) influenced the compressive strength (Bhagath Singh and 

Subramaniam, 2016; Ziolkowski and Kovtun, 2018). That is, higher geopolymer gel 

contents gave rise to higher compressive strength of geopolymer paste. In view of 

the high compressive strength in the optimal specimen GeoP-N4.0-M0.95, it was 

expected that the non-crystalline phases in the specimen mostly consisted of 

geopolymer gel phases and the raw materials should have undergone high degree of 

reaction during the geopolymerization. This result can be identified in SEM 

photographs of fracture surfaces on the specimen which will be discussed in the 

following sections. 
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Fig. 6.5. Phase contents of raw mixed solids and geopolymer pastes 

 

6.5 FTIR Analysis 

 

FTIR analysis can yield information about the organization of molecular chains 

regardless of the phase of the substance. Fig. 6.6 illustrates the FTIR spectra of 

GGBS and SSA. In the spectrum of GGBS, weak bands centered at 1437 cm-1 are 

associated with the asymmetric stretching of O-C-O bonds of carbonate groups (Yu 

et al.,, 2017) which may come from the carbonation of GGBS in the environment. 
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The vibrations at around 970 cm-1 are associated with the asymmetric stretching 

vibrations of T-O-Si (El-Gamal and Selim, 2017). The weak peak at 671 cm-1 is due 

to the symmetric stretching vibrations of the T-O-Si bonds (El-Didamony et al., 

2012). The bands at around 503 cm-1 are originated from the in-plane O-T-O bending 

vibrations (Gu et al., 2015). SSA exhibited characteristic bands centered at 3544 cm-

1 (Frost et al., 2011) and 3475 cm-1 (De Ligny et al., 2013) corresponding to the 

stretching vibrations of structural Al-OH groups and the band at 3414 cm-1 to the O-

H stretching vibration under hydrogen bonded association inside molecules (Lin et 

al., 2017). Adsorption bands centered at 1638 cm-1 (Bai et al., 2012) and 1620 cm-1 

(Litke et al., 2017) are due to the O-H bending of adsorbed H2O molecules. 

Adsorption bands with peak located at 1124 cm-1 are the Si-O stretching vibrations 

(Kawano and Tomita, 1991). The peak occurring at 1097 cm-1 is associated with the 

sulphate ion existed in seawater (Petrone et al., 2011) which is widely used in Hong 

Kong for flushing. The peak at 1035 cm-1 is related to the stretching vibrations of Si-

O-Si bonds (Ma et al., 2013). The peaks at 600 cm-1 (Schmitt and Flemming, 1998), 

560 cm-1 (Toderaş et al., 2006) and 450 cm-1 (Lemougna et al., 2017) correspond to 

the Fe-O stretching vibrations of the hematite structure. 
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Fig. 6.6. FTIR spectra of GGBS and SSA 

 

Fig. 6.7 shows the FTIR spectra of the raw mixed solid (Fig. 6.7a), geopolymer pastes 

synthesized from different Na2O contents (Figs. 6.7b-d) and geopolymer pastes 

synthesized from different moduli (Figs. 6.7e-g). The raw mixed solids exhibits five 

specific spectral regions: (i) the overlapping bands at 3660 - 3120 cm-1 correspond to 

the stretching vibrations of Al-OH groups and O-H stretching under hydrogen 

bonded groups; (ii) the bands from 1708 to 1576 cm-1 correspond to the O-H bending 

of H2O molecules; (iii) the absorption characteristic of sulphate ions in combination 

with stretching vibrations of Si-O and T-O-Si bonds appear in the zone 1281 - 841 

cm-1; (iv) stretching vibrations of Fe-O bonds appear in the zone 648 - 515 cm-1, and, 
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(v) the in-plane O-T-O bending and Fe-O stretching vibrations appear from 515 to 

400 cm-1.  

 

The FTIR spectra of the geopolymer pastes show clear differences with the spectrum 

of the raw mixed solids indicating structural changes in the geopolymerization. It 

shifted vibrations in the spectral region of 3660 - 3120 cm-1 to higher wavenumbers. 

With reference to the vibrations mentioned above, the Al-OH groups give sharp 

peaks at wavenumbers of 3544 cm-1 and 3475 cm-1. Besides, from reports of previous 

researches, the bonds of hydrogen bonded silanol (SiO-H) having adjacent pairs of 

Si-OH groups with hydrogen bonded to each other appear at 3700 - 3200 cm-1 (Smidt 

et al., 2011) and the bands of H2O molecules associated with silanol groups are 

normally peaked at 3450 cm-1 (Pimraksa et al., 2011). The results suggested that there 

may exist certain amounts of uncondensed Al and Si species. The adsorptions at 

around 1708 - 1576 cm-1 may be due to the weak bands of moisture present. The 

adsorptions at around 1000 cm-1 is related to the T-O-Si bonds formed after 

geopolymerization accounting for the development of compressive strength in the 

geopolymer pastes (Liu et al., 2016). It should be noted that the adsorptions at around 

1034 cm-1 are related to the Si-O-Si stretching in SSA and the adsorptions at around 

1000 cm-1 are related to the tetrahedral species formed after geopolymerization 

accounting for the strength development in the geopolymer pastes. 

Geopolymerization shifted the vibrations centered around 1034 to around 1000 cm-1 
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indicating participation of SSA in the geopolymerization. According to Beer-

Lambert law mentioned in the same article, stronger adsorbance corresponds to 

larger quantity of the products. Comparing the adsorbance in the region of 1281 - 

841 cm-1, the highest absorbances are found in geopolymer pastes synthesized from 

mixes with 4.0% Na2O content (see Figs. 6.7b-d) and modulus of 0.95 (see Figs. 

6.7e-g). With these proportions, larger quantities of reaction products were produced 

leading to increased compressive strength. Moreover, geopolymerization shifted the 

vibrations in this region to lower wavenumbers, which is correlated to the decreased 

number of Si-O-Al bonds (N-A-S-H gel) and the increased number of Si-O-Si bonds 

(C-A-S-H gel) due to more cross-linked N-A-S-H and C-S-H type gels which caused 

the compressive strength to increase (Mijarsh et al., 2014; Yang et al., 2017). Unlike 

alkaline activation of GGBS alone, showing vibration band typically associated with 

C-A-S-H gels in the product (Ariffin et al., 2013), this study indicated possible 

coexistence of C-A-S-H and N-A-S-H gels in the geopolymers synthesized from 

GGBS and SSA. In all geopolymer pastes, no adsorption peaks occurred in the region 

of 648 - 515 cm-1 which are characteristic adsorptions of the Fe-O stretching 

vibrations of the hematite structure. This indicates the dissolution of hematite in the 

geopolymerization reactions. This finding is in agreement with the analyses in XRD. 

The shifting of O-T-O bonds localized from 515 to 400 cm-1 toward lower 

wavenumbers after geopolymerization indicated the formation of more condensed 

tetrahedral species (Fernández‐Jiménez et al., 2003). 
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Fig. 6.7. FTIR spectra of (a) raw mixed solids, (b-d) geopolymer pastes synthesized 

from different Na2O contents and (e-g) geopolymer pastes synthesized from 

different moduli 
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6.6 SEM and EDX Analyses 

 

The SEM morphology of GGBS is shown in Fig. 6.8a. GGBS granules were 

predominately in angular shape with sharp edges. Figs. 8b-d present the 

morphologies of pastes synthesized from 4.0% Na2O content and modulus of 0.95 

cured for 1, 3 and 28 days respectively. The geopolymer matrixes only contained 

GGBS and SSA solids, as well as geopolymer gels formed after their contact with 

the alkaline activators. Therefore, the analyses of the morphologies of the 

geopolymer pastes could confirm the attack of GGBS and SSA particles by the 

alkaline activators, leading to the formation of the geopolymer gels. From Fig. 6.8b, 

partially dissolved surface of the SSA particle can be observed, indicating 

participation of SSA in the geopolymerization. Fig. 6.8c shows further evidence of 

such participation. The SSA particle was largely transformed into the reaction 

products and the inner parts of the particle seemed to be filled substantially with the 

reaction products. These morphological views clearly support the finding of 

dissolution of SSA in the XRD analyses. After curing for 28 days, as can be seen in 

Fig. 6.8d, the matrix exhibited a dense and compacted microstructure due to the 

formation of thick layers of gel phases covering the remaining partially reacted 

particles, which can hardly be observed. 
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Elemental identification and quantification based on the average of fifteen individual 

EDX performed at different locations revealed that the most abundant elements in 

the gel phases were Si and Al (see Fig. 6.8e). The resultant Si/Al atomic ratio was 

2.16 on average. The high contents of Si and Al could enhance the compressive 

strength of the geopolymer pastes through the development of cross-linked SiO4 and 

AlO4 tetrahedra. The average ratio of Ca/Si atoms was 0.32. The availability of Ca 

in the gel phases could also contribute to an increase in compressive strength through 

the formation of C-S-H type gel (Yip et al., 2005) and as a charge-balancing agent 

(Lecomte et al., 2006). The average Na/Si atomic ratio was 0.23. However, it was 

reported that Na did not contribute to the gel strength (Salih et al., 2014). Hitherto, 

the elemental compositions generally lay within the region associated with the C-

(N)-A-S-H type gel resulting from the compatibility and reaction between the C-A-

S-H and N-A-S-H gels as reported from a previous study (Garcia-Lodeiro et al., 

2011). The EDX test also detected the presence of Fe with an average Fe/Si ratio of 

0.09 in the phases. Previous researches have reported the positive effects of Fe3+ on 

the compressive strength of geopolymer concretes due to the substitution of some Al 

atoms by Fe atoms in the geopolymer structure (Lemougna et al., 2013; Reddy et al., 

2016). 
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Fig. 6.8. SEM images of (a) GGBS, (b)-(d) geopolymer pastes at different curing 

ages and (e) EDX result of geopolymer paste at age of 28 days 
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6.7. Drying shrinkage 

 

Fig. 6.9 shows the drying shrinkage of the geopolymer pastes under the standard 

drying process. Fig. 6.9a depicts the drying shrinkage of specimens synthesized from 

different Na2O contents, namely, 3.5%, 4.0% and 4.5%. Fig. 6.9b depicts the drying 

shrinkage of specimens synthesized from different moduli, namely, 0.60, 0.95 and 

1.30. It can be observed from both Fig. 6.9a and Fig. 6.9b that the drying shrinkage 

of all geopolymer pastes increased rapidly in the first 7 days. Thereafter, the drying 

shrinkage only increased gently and further increase was very small after 28 days. 

Besides, it is worth noting that the 14-day drying shrinkage of all the geopolymer 

pastes were below the limit of 0.06% as specified in BS 6073 (1981) for dry-mixed 

specimens. The low water precursors ratio, i.e., 0.2, led to low drying shrinkage of 

geopolymer pastes (Wallah and Hardjito, 2014). When aggregates are added to the 

pastes to make geopolymer concrete, the drying shrinkage of the product would be 

further reduced since aggregates are highly volumetric stable (Dougla et al., 1992; 

Bissonnette et al., 1999). 

 

It can be seen from Fig. 6.9a that the drying shrinkage reduced with lower Na2O 

contents in the geopolymer pastes. This result is in agreement with the findings 

reported by Allahverdi et al. (2010) and Jiao et al. (2018). However, it should be 
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noted that, the study by Aydın and Baradan (2014) showed that Na2O contents would 

only affect the drying shrinkage of alkali-activated slag mortars when the activator 

modulus reached 0.4 and above. At the same Na2O content of 4.0%, as observed from 

Fig. 6.9b, pastes synthesized from lower activator moduli showed lower shrinkage 

values. This result is also supported by previous findings (Krizan and Zivanovic, 

2002; Gao et al., 2016). Many previous studies indicated that the drying shrinkage 

depended on the amount of mesopores smaller than 25 nm in geopolymer paste rather 

than moisture loss (Collins and Sanjayan, 2000; Brough and Atkinson, 2002; Zhu et 

al., 2018). Geopolymer paste with a higher volume of mesopores exhibited a higher 

degree of drying shrinkage due to the development of water meniscus which 

significantly increased the capillary stress (Zhang et al., 2015). In fact, Shi (1996) 

reported that the inclusion of silica in the alkaline activator would produce finer pore 

structure in alkaline activated slag pastes, and the compressive strength of the pastes 

generally decreased with the increase in total porosity with pores larger than 5 nm. 

Moreover, Kumarappa et al. (2018) found that larger amounts of Na2O and higher 

activator modulus led to greater capillary stress. Therefore, it is believed that Na2O 

contents and moduli may affect the volume of mesopores in geopolymer pastes which 

influence the drying shrinkage. To check such effects, the relationship between pore 

structures of geopolymer pastes and different Na2O contents and activator moduli 

should be further studied. 
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Fig. 6.9. Drying shrinkage of geopolymer pastes synthesized from (a) different 
Na2O contents and (b) different moduli 
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6.8 Leaching of Metal(loid)s 

 

The total metal(loid) contents and leachable metal(loid) concentrations from the raw 

SSA used in this study have been reported in our previous research on this material 

(Chen et al., 2018). Table 6.1 shows the leachable metal(loid) concentrations from 

the raw mixed solids and the geopolymer pastes synthesized from Na2O content of 

4.0% and modulus of 0.95. The concentrations of different metal(loid)s leached from 

the raw mixed solids were below the stipulated TCLP limits. The concentrations from 

the paste were even lower, indicating that metal(loid)s had been bonded tightly after 

geopolymerization posing little hazard to the ambient environment. It can be 

concluded that the SSA can be safely used with GGBS half to half by weight as 

precursors for geopolymerization. 
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Table 6.1 TCLP leaching concentrations from the raw mixed solids and geopolymer 

pastes 

 

Metal(loid) 

Leachate from 

the raw mixed solids  

(mg/L) 

Leachate from the paste 

GeoP-N4.0-M0.95  

(mg/L) 

TCLP limit 

(mg/L) 

Sb 0.0031 < DL – 

As 0.025 < DL 5 

Ba 0.0166 < DL 100 

Cd 0.007 < DL 1 

Cr < DL < DL 5 

Cu 1.203 0.069 – 

Pb 0.014 < DL 5 

Ni 0.0421 0.011 – 

Co 0.002 < DL – 

Se 0.071 < DL 1 

Sr 2.003 < DL – 

Ag < DL < DL 5 

Zn 1.453 1.300 – 

    DL: detection limit 
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6.9 Summary 

 

The geopolymer pastes were synthesized through activation of GGBS and SSA 

mixed in 1:1 by weight in a binary alkaline activators, namely, NaOH and Na2SiO3, 

and then moulded by compression method. The variables studied were Na2O to the 

mixed solids (precursors) weight ratio and modulus of the mixed alkaline solution. 

Compressive strength and microstructural properties of the geopolymer pastes were 

studied. The experimental results were summarized below: 

(1) The infrared microspectroscopy showed the SSA contained characteristic 

adsorption bands corresponding to the stretching vibrations of Al-OH groups, O-H 

bonds under hydrogen bonded association inside molecules, Si-O bonds, Si-O-Si 

bonds and Fe-O bonds in the crystal structure of hematite, as well as the characteristic 

vibrations of the simple sulphate ion. 

(2) The Fe2O3 compound existed in the SSA had very profound influence on the 

properties and final compositions of the SSA blended GGBS geopolymer pastes. 

(3) In the synthesis of the geopolymer pastes, SSA was found to be a candidate 

precursor material for geopolymerization. The transformation of crystalline phase of 

hematite in the SSA to amorphous form after geopolymerization was confirmed by 

XRD, QXRD, FTIR and EDX analyses. 

(4) Variation in compressive strength development indicated that the alkaline 

medium played important roles in the geopolymerization. Too high or too low alkali 
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content and modulus had detrimental effects on the compressive strength. 

Geopolymer pastes of adequate strength could be synthesized by using SSA as a 

precursor. The highest compressive strength was obtained with an optimal alkali 

content, i.e., weight percentage of Na2O to the mixed precursors, of 4.0%, and 

modulus, i.e., molar ratio of SiO2 to Na2O in the mixed sodium hydroxide and sodium 

silicate alkaline solution, of 0.95.  

(5) A C-(N)-A-S-H type gel with Fe substitutions was formed in the 

geopolymerization of mixes of GGBS and SSA in 1:1 by weight moulded by 

compression method. Its microstructure was dense and compact. 

(6) Drying shrinkage tests indicated that using activators with lower Na2O contents 

and activator moduli can reduce the drying shrinkage of dry-mixed geopolymer 

pastes cured at room temperature. 

(7) Geopolymers could effectively immobilize metal(loid)s and reduce leachate 

concentrations well below limits specified by US EPA for hazardous material 

identification. Geopolymers synthesized from the mixed precursors of GGBS and 

SSA in 1:1 by weight posed no harmful effects to the environment. 
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Introduction 

   

Given the main oxide compositions of the SSA, research studies were directed to the 

use of the SSA as a SCM in paste and mortar applications and as an aluminosilicate 

precursor in geopolymer application. Considering the negative impact on workability 

due to high porosity of the SSA, the dry-mixed method was applied to produce blocks 

by compression into moulds in contrast to the wet-mixed method which relied on 

superplasticizer to achieve workability for good compaction by vibration. The 

following conclusions can be drawn based on the results of the laboratory 

experiments presented in the fourth, fifth and sixth chapters of this thesis: 

 

7.2 Conclusions 

 

The pozzolanic activity of SSA was weak. However, at the same replacement level 

of cement up to 20%, the compressive and flexural strength of mortars containing 

PFA or SSA were comparable. Apart from pozzolanic activity, several interacting 

factors contributed to the strength development in cement-SSA products including 

lowering of the effective w/b ratio, enhancement in the rate and degree of cement 

hydration and the formation of brushite crystals by the incorporation of the SSA. 
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The concrete blocks containing 20% SSA in the binder and 50% GC in the aggregates 

could achieve compressive strength of not less than 30 MPa at the age of 28 days. 

The drying shrinkage values of the blocks increased with a higher content of SSA in 

the binder but the combined use of recycled GC as aggregates could alleviate the 

detrimental effect due to its extremely low water absorptivity of GC. On the other 

hand, the blending of the SSA in the binder could effectively suppress ASR 

expansion caused by the reactive glass aggregates. It is recommended that 20% of 

the SSA should be added in the binder for assuring the control of ASR expansion 

even if all the aggregates are GC. Given that the benefits and drawbacks of GC and 

SSA are “complimentary” to each other, it is feasible to produce concrete blocks with 

a high content of GC as aggregates and the SSA as a SCM. This combined usage can 

significantly reduce the disposal of both types of wastes at landfills. 

 

The SSA was a candidate source material for geopolymerization as evident from the 

transformation of crystalline phases of quartz and hematite in the SSA into 

amorphous forms in the reaction. The highest compressive strength of 32.81 MPa at 

28 days was attained in the geopolymer pastes generated from GGBS and SSA mixed 

in 1:1 by weight with the optimal Na2O content of 4.0% and a modulus of 0.95. The 

main product formed from the optimum mixture was a C-(N)-A-S-H type gel with 

Fe substitutions having a dense and compacted microstructure. 
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7.3 Recommendations 

 

It is clear that the SSA can be used as a SCM and a geopolymer precursor in the light 

of its chemical composition. In order to explore the wider use of the SSA in cement-

based materials and geopolymers, more studies are needed. The following 

experimental approaches are recommended for future work based on the experience 

gained in this study. 

 

The high porosity of the SSA leads to reduction in workability of the mortar. Dry-

mixed compression method may be adopted to cope with the problem thus opening 

greater opportunity for recycling of the material. However, applications would be 

limited to the production of blocks using this placing method. 

 

Cement mortar and concrete blocks containing the SSA have shown high drying 

shrinkage. This problem is more serious with fine FSSA. Therefore, grinding of the 

SSA to finer particles is not recommended although this may slightly improve the 

pozzolanic activity of the SSA.  
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The use of non-hydroscopic aggregates, such as glass cullet, in the concrete mixes 

with the incorporation of SSA can balance the high water absorption and large drying 

shrinkage caused by the SSA. 

 

The use of SSA for synthesizing geopolymers is a promising way for recycling SSA 

in view of the high usage of SSA in this application. Apparently, mixing SSA with 

another precursors has high potential of accomplishing geopolymerization of the 

material. 

 

Some future work on the study of recycling SSA is recommended. As SSA would 

increase the drying shrinkage of cement-based products, means of controlling the 

drying shrinkage should be found. Besides, the variation of pore structures of 

geopolymer pastes with different Na2O contents or activator moduli should be 

evaluated. In addition, the effects of varying mix proportions of GGBS and SSA and  

different curing conditions on geopolymerization should be evaluated. Furthermore, 

the feasibility of geopolymerization of SSA with other precursors should be studied. 
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